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1 Introduction 

1.1 Motivation 

The German Advisory Council on Global Change (WBGU) draws in its report “World 
in Transition – Towards Sustainable Energy Systems” [1] the conclusion that  

“it is essential to turn energy systems towards sustainability worldwide – 
both in order to protect the natural life-support systems on which humanity 
depends, and to eradicate energy poverty in developing countries. Nothing 
less than a fundamental transformation of energy systems will be needed to 
return development trajectories to sustainable corridors.” 

In one of the scenarios developed by the German Advisory Council on Global Change 
(see Fig. 1.1) a part and parcel is the 

“substantial development and expansion of new renewable energy sources, 
notably solar.” 

 
Fig. 1.1: Transforming the global energy mix: The exemplary path until 2050/2100 

(from [1]). 

The Federal Ministry for the Environment, Nature Conservation and Nuclear Safety 
investigated in its report “Renewable energies – Innovations for the future” [2] the 
technical potential for use of the available energy sources, namely the continental solar 
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irradiation, the kinetic energy from the wind, waves, and ocean currents, the biomass 
which grows again each year, the potential energy of water, the geothermal energy, 
and the thermal energy from the seas (see Fig. 1.2). 

 
Fig. 1.2: Rear cubes: The natural availability of renewable energy is 

extraordinarily large. Front cubes: The technically available energy in the 
form of electricity, heat, and chemical energy carriers exceeds the present-
day energy demand (grey cube, left) by a factor of six (altered from [2]). 

Solar energy has a superior position amongst all renewable energies, firstly due to the 
nearly unlimited natural supply by the sun. Even the sustainable use with state-of-the-
art technology exceeds the long-term global energy demand by far. Secondly, 
photovoltaic systems feature a good modularity, hence being very well suited for 
developing countries, too 

Many different materials and technologies are available for producing solar cells. Fig. 
1.3 gives an overview of the market share of the four major cell technologies used in 
the global photovoltaic market. All variants are based on silicon as starting material, 
which is available in nearly unlimited quantity. Silicon is nontoxic and is the driving 
force behind the microchip industry; hence a broad knowledge exists already. 

The relatively expensive, but high-purity monocrystalline silicon is costly in its 
production, but yields the solar cells with the highest conversion efficiencies. On the 
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other hand multi- or polycrystalline silicon is cheaper in its production, but resulting 
solar cell conversion efficiencies are lower due to the higher amount of impurities and 
crystallographic defects in the silicon material. With ribbon silicon, the wafers for 
solar cells are not cutted from large blocks but are produced on continuous ribbons. 
Even cheaper in production are solar cells based on thin-film technology or amorphous 
silicon. It should be stressed that besides these materials and technologies mentioned 
above many more already exist and are being heavily developed.  

 
Fig. 1.3: Development of the global photovoltaic market from 1980–2007. The top 

bar indicates the annually produced peak power. The vast majority of 
produced solar cells are based on mono- and multicrystalline silicon (from 
[3]). 

The present work is settled in the field of crystalline silicon solar cells. The starting 
materials of such solar cells are typically 200 – 300 µm thick silicon wafers which are 
subsequently processed. These silicon wafers are in reality contaminated with 
impurities and crystallographic imperfections. These defect centers reduce the 
effective lifetime of excess carriers within the material, thus also limiting the 
conversion efficiency of the finished solar cells.  

The characterization of these electrically active defect centers in silicon for solar cells 
is the challenge of the present work. The motivation for this undertaking is twofold. 
On the one hand, the properties of foreign atoms and crystallographic imperfections 
are part of fundamental research on silicon material in order to understand the 
interactions and consequences of such defects. Since the 1950s researchers all over the 
world are investigating the defect parameters of different defect centers in silicon and 
other semiconductor materials. Besides this theoretical approach, on the other hand, 
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determination of the defect parameters has also a large technological relevance. Only 
the exact knowledge of the properties and characteristics of these electrically active 
defects allows for an effective suppression or avoidance of such defect centers in wafer 
manufacturing as well as in solar cell processing. 

The reliable and significant detection of very small defect concentrations is the major 
challenge for defect characterization. As few as 1010 cm-3 foreign atoms (which means 
one impurity per 5 trillion silicon atoms) can lead to the reduction of solar cell 
conversion efficiency. One characterization technique, the deep-level transient 
spectroscopy, emerged in the 1970s. Its main principle is based on the thermal 
emission of charge carriers from the defect level into the majority carrier band. This 
technique is the working horse of defect characterization in semiconductor research 
and industry. 

Different lifetime spectroscopic approaches for analyzing electrically active defects 
emerged in the 1990s. These lifetime spectroscopic techniques measure the actual 
recombination rate of excess carriers via defect levels. Due to this measured quantity, 
lifetime spectroscopy is sensitive to the recombination channels actually limiting the 
effective lifetime of the excess carriers and hence the conversion efficiency of solar 
cells.  

In this work, both different characterization techniques are used so as to access the 
defects parameters of electrically active defects in silicon.  

1.2 Thesis outline 

Chapter 2 deals with the physical basics of interest for the present work. A precise 
description of the charge carrier densities, which depend on the doping concentration, 
temperature, and illumination of the sample, will be given. Furthermore, the 
mechanisms of excess carrier recombination will be described in detail paying special 
attention to recombination via defect levels, namely the so-called Shockley-Read-Hall 
recombination. 

Chapter 3 introduces the main concepts of advanced lifetime spectroscopy. Injection-
dependent as well as temperature-dependent lifetime spectroscopy will be investigated 
thoroughly. Possibilities and restrictions will be outlined for these methods. Finally, an 
evaluation method will be presented, which allows for extraction of the parameters of 
defect levels from lifetime spectroscopic techniques with maximum transparency. 

Chapter 4 is concerned with the different excess carrier lifetime measurement 
techniques. The microwave-detected photoconductance decay, the quasi-steady-state 
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photoconductance, the transient photoconductance and the quasi-steady-state 
photoluminescence will be introduced in this chapter and their respective advantages 
and disadvantages will be highlighted. In addition, the immunity of the different 
measurement techniques to measurement artifacts will be investigated. 

Chapter 5 introduces the deep-level transient spectroscopy for accessing the defect 
parameters of impurities in silicon. Both the theoretical background and 
implementation details and difficulties will be described. 

Chapter 6 focuses on enhancements of the photoluminescence measurement setup 
being worked on for the present work. The results of these investigations allow for 
reliable temperature-dependent measurements of the excess carrier lifetime. 
Measurement disturbances caused by photon reabsorption will be analyzed in detail 
and a correction factor based on numerical simulations will be presented. Furthermore, 
the coefficient of radiative recombination will be analyzed in depth. 

Chapter 7 covers the investigations of intentionally manganese-contaminated p-type 
silicon. Two different defect configurations of manganese can be found, interstitial 
manganese and manganese-boron pairs. These are analyzed using deep-level transient 
spectroscopy as well as temperature-dependent and injection-dependent lifetime 
measurements. In addition, the association time constant of manganese-boron pairs, 
and hence the diffusivity of manganese in silicon, will be analyzed. 

Chapter 8 is concerned with the defect parameters of titanium in p-type silicon. Both, 
photoconductance- and photoluminescence-based excess carrier lifetime measurements 
on different intentionally titanium-contaminated samples were carried out to access the 
related defect parameters and to investigate the reproducibility of the used 
measurement and evaluation techniques. 

Chapters 9 and 10 investigate the defect parameters of aluminum and tungsten in p-
type silicon, respectively. Mainly deep-level transient spectroscopy was used for 
accessing the related defect parameters, being accompanied by special lifetime 
spectroscopic methods. 

Chapter 11 focuses on an in-depth comparison of the measurement and evaluation 
techniques that were used throughout this work. First, photoconductance- and 
photoluminescence-based measurement results will be compared in detail. Second, 
lifetime spectroscopy in general will be compared with deep-level transient 
spectroscopy in both theoretical and practical issues. 

Chapter 12 finally summarizes this work and gives an outlook for challenges still to be 
investigated. 





 

 

2 Carrier lifetime in crystalline silicon 

In this chapter the fundamentals of semiconductor physics are briefly 
introduced. The main focus lies on the different recombination mechanisms, 
where the defect characterization using lifetime spectroscopy is based on. 
Additional details may be found for example in [4] or [5]. 

2.1 Carrier densities in silicon 

Solid state material can be classified as an insulator, semiconductor or metal, based 
upon its conductivity. Insulators have a specific resistance ρ > 108 Ω cm, while for 
metals ρ < 10-4 Ω cm holds. The specific resistance for semiconductors lies between 
these values and is dependent on external parameters like temperature or magnetic 
field. 

The energy levels of a single atom are discrete. However, bringing together many 
atoms, as it is the case in a solid state, the discrete energy levels form energy bands, 
which can be calculated using the quantum mechanic approximation calculations 
“quasi-free electrons” or “tight-binding approximation”. This band structure differs for 
an insulator, semiconductor and metal. 

The Fermi energy, which describes the highest occupied energy level of electrons at a 
temperature T = 0 K, lies within an energy band for a metal. For an insulator the gap 
between the highest fully occupied energy band (the valence band) and the lowest 
unoccupied energy band (the conduction band) is several electron volts (eV). Within 
this band gap of width Eg lies the Fermi level EF. For a semiconductor the band gap Eg 
is in the dimension of eV and is temperature-dependent. The highest energy within the 
valence band is referred to as EV, the lowest energy in the conduction band as EC. With 
this follows 

.VCg EEE −=  (2.1)

Looking at the dependence of the energy from the wave vector, for crystalline silicon 
(Si) the maximum of the valence band and the minimum of the conduction band do not 
have the same wave vector (Fig. 2.1), which is called an indirect semiconductor.  

The densities of allowed states in the valence band and in the conduction band, 
respectively, is given by 
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where me
* and mh

* denote the effective masses of electrons and holes, respectively. 

The probability f(E) to find an electron with the energy E is given by the Fermi-Dirac 
distribution function 

 
Fig. 2.1: Electronic band structure of crystalline silicon. The nonlocal (solid line) 

and local (dashed lines) pseudo potential method was used for the 
calculations, from [6]. 
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where EF is the Fermi energy (also referred to as the electro-chemical potential), kB is 
the Boltzmann’s constant and T the absolute temperature.  

In order to calculate the sum of the electrons per volume element in the conduction 
band and the sum of the holes per volume element in the valence band, respectively, an 
integration over the corresponding energies is computed 
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Assuming a non-degenerate semiconductor, where EC - EF >> kB T and 
EF - EV >> kB T, these equations are strongly simplified, since the Fermi-Dirac 
distribution can be approximated by the Boltzmann distribution. Thus in thermal 
equilibrium eq. (2.4) simplifies to 
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with n0 denoting the equilibrium electron concentration in the conduction band and p0 
the equilibrium hole concentration in the valence band and NC and NV being the 
effective densities of states in the conduction band and the valence band, respectively. 
Including the temperature-dependence of the effective masses of electrons and holes, 
the effective densities of states can be written as [7]: 

( )( ) ( ) ,/22, 2/32*
/

*
// hTkmTmTN BdhdedhdeVC π=  (2.6)

where mde
* and mdh

* denote the density-of-states effective masses of electrons and 
holes, respectively, and h is the Planck’s constant. The density-of-states effective 
electron mass contains the transversal and longitudinal effective electron masses mt

* 
and ml

* and the equivalent conduction band minima and is [7, 8]: 

( ) .6
3/1

*2*3/2*
ltde mmm =  (2.7)

Low-temperature cyclotron resonance studies give [9] (m0 = 9.1095×10-31 kg): 

.9163.0

1905.0

0
*

0
*

mm

mm

l

t

=

=  (2.8)

However, recent experimental work suggests a relative weak temperature-dependence 
of mt* and theoretical considerations suggest an even weaker temperature-dependence 
of ml*. [8] suggests to use eq. (2.8) for ml* / m0 and the following expression for 
mt* / m0: 
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The expressions for Eg(T) are discussed subsequently and Eg(T = 0 K) = 1.170 eV. 

The density-of-states effective hole mass can be parameterized as [10]: 
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where the coefficients a – i are given in Tab. 2.1. 

Tab. 2.1: Coefficients to fit the density-of-states effective hole mass used in eq. (2.10) 
(from [10]). 

a = 0.4435870 d = 0.1263218×10–5 g = 0.2286895×10–3 

b = 0.3609528×10–2 e = 0.3025581×10–8 h = 0.7469271×10–6 

c = 0.1173515×10–3 f = 0.4683382×10–2 i = 0.1727481×10–8 

 

Not only the electron and hole densities are temperature-dependent but also the band 
gap Eg , which can be satisfactorily described by the expression [7]: 

( ) ( ) ,K0
2

T
TTETE gg +

−==
β
α  (2.11)

with Eg(T = 0 K) = 1.170 eV, α = 4.73×10-4 eV/K and β = 636 K. 

Also of interest are the thermal charge carrier velocities, which describe the averaged 
velocity of the quasi-free electrons and holes in the conduction band and the valence 
band, respectively. These thermal charge carrier velocities can be described using [8]: 
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with mth,e* = 0.275 m0 and mth,h* = 0.410 m0 denoting thermal effective electron and 
hole mass with m0 signifying the electron rest mass. 

The intrinsic carrier concentration ni is defined via the product of n0 and p0:  
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Although the temperature-dependence of ni could be calculated using eq. (2.13), recent 
measurements lead to slightly deviating values. According to [11] the intrinsic carrier 
concentration ni can be parameterized as:  

( ) ( ) ( )
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where T denotes the absolute temperature and Eg(T) is the temperature-dependent band 
gap in silicon based on the work of [12] and [13], being summarized by [8]. For a 
temperature of 300 K, this expression leads to a commonly used value of 
ni(300 K) = 1.0×1010 cm-3. 

However, at high injection densities, the effect of band gap narrowing [14] has to be 
accounted for, which manifests in a reduction of the band gap, resulting in an effective 
intrinsic carrier concentration: 
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where ΔΕg is the reduction of the band gap according to [15]. 

Based on these findings, the data of [11] (eq. (2.14)) were re-evaluated by [15], 
perfectly agreeing with the data of [16], whose data can be parameterized as [17]: 
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resulting in an intrinsic carrier concentration at 300 K of ni(300 K) = 9.71×109 cm-3. 

In the case of an intrinsic semiconductor, which means that the semiconductor is not 
doped or contaminated with an impurity, the thermal excitation of electrons into the 
conduction band can only originate from the valence band. As a consequence, the 
electron density in the conduction band equals the hole density in the valence band, 
giving 

.00 inpn ==  (2.17)

For the Fermi level it follows 
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with Ei denoting the Fermi energy in an intrinsic semiconductor. 

If in a semiconductor atoms are substituted by atoms from other elements, the 
semiconductor is called doped or extrinsic. If a (tetravalent) silicon atom is substituted 
by a trivalent or pentavalent atom, these additionally introduced holes and electrons 
contribute to the densities in the valence band and in the conduction band, respectively, 
if ionized. Trivalent atoms are called acceptors, while pentavalent atoms are called 
donators. A doping using bivalent or hexavalent atoms is also possible but unusual for 
silicon.  

Typical doping concentrations Ndop lay in the range from 1013 cm-3 < Ndop < 1020 cm-3. 
Compared to the intrinsic carrier concentration ni, Ndop is thus several orders of 
magnitude larger, eq. (2.13) results in a separation of the electrons and holes into 
majority and minority charge carriers. Assuming impurity depletion, which means the 
complete ionization of all dopant atoms, and assuming a negligible contribution of the 
intrinsic carriers to the majority carrier concentration, what is fulfilled in a broad 
temperature range around room temperature, it follows: 
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where NA denotes the acceptor dopant concentration and ND the donator dopant 
concentration, respectively. Charge neutrality demands with all kinds of doping 

.00 DA NpNn +=+  (2.20)

Due to the fact that doping introduces additional charge carriers into the 
semiconductor, the position of the Fermi level shifts according to 
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what can be derived from eq. (2.5). Combining this equation with eq. (2.18), it follows 
for the difference between intrinsic energy level and Fermi energy level 
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The upper and lower signs hold for p-type and n-type semiconductors, respectively. 

For the above considerations, the majority carrier concentration in a doped 
semiconductor has been regarded as temperature-independent. This assumption holds 
for a large temperature range around room temperature, where all dopant atoms are 
ionized and the intrinsic carriers have a negligible influence on the overall conduction. 
However, at sufficient low or high temperatures these assumptions have to be 
reconsidered.  

In fact, at low temperatures not all dopant atoms are ionized, while at high 
temperatures the intrinsic carrier density dominates the conductivity, resulting in three 
different temperature ranges with different temperature-dependence of the majority 
carrier density (without loss of generality for a p-type semiconductor): 

• Region of freeze-out: p0(T) < NA 

• Region of impurity depletion: p0(T) = NA 

• Region of intrinsic conduction: p0(T) > NA. 

The derivation of the temperature of the majority carrier concentration being valid for 
the whole temperature range will be carried out for a p-type semiconductor 
exemplarily. An n-type semiconductor can be treated analogous. Charge neutrality 
demands 

( ) ( ) ( ) ,00 TNTnTp A
−+=  (2.23)

where NA
-(T) is the concentration of negatively charged ionized acceptor atoms. Using 

eq. (2.13), the above equation becomes 
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The majority carrier concentration thus depends on the intrinsic carrier concentration 
ni(T) and the density of ionized doping atoms NA

-(T). Introducing the ionization degree 
fA(T) as 
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the temperature-dependence of fA(T) can be described via [5, 18]: 
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In the above equation EA denotes the energy level of the acceptors. For example boron 
forms in silicon an energy level at EA – EV = 0.045 eV [7]. 

The temperature-dependence of the minority carrier can be calculated using eq. (2.13) 
and is 
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If a semiconductor is illuminated, the photons with energies Eγ > Eg generate electron 
hole pairs (see also Chap. 2.2). Hence the electron density and the hole density 
increase above their respective value in the dark: 
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Due to the increased electron density the Fermi energy would shift to the valence band, 
while due to the increases hole density the Fermi energy would shift to the conduction 
band. As a consequence, two different so-called Quasi Fermi distributions are 
introduced: fC with the Quasi Fermi energy εF,e and fV with the Quasi Fermi energy εF,h. 

The density of the electrons in the conduction band and the density of the holes in the 
valence band can hence be calculated according to 
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The product of the electron and hole densities is hence 
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with η = εF,e - εF,h being the separation of the Quasi Fermi energies. 

Looking at the electro chemical potentials 
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where µe/h is the chemical potential of the electrons and holes, and ϕ is the electric 
potential, the following correlation with the Quasi Fermi levels can be derived [19] 
(see also Fig. 2.2): 
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Fig. 2.2: Band diagram of an illuminated semiconductor. Shown are the different 

energies of the electrons and holes, respectively. 
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2.2 Generation and recombination of excess carriers 

In a semiconductor material additional electron hole pairs are generated by absorption 
of photons, whose energy Eγ is larger than the band gap Eg: Eγ > Eg. 

In indirect semiconductors (like silicon), an additional phonon is needed for the 
transition from the maximum of the valence band to the minimum of the conduction 
band, which accounts for the momentum. 

By the absorption of a photon (γ) a phonon (Γ) can be absorbed 
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or emitted 
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Due to this necessity of additional phonons for absorbing photons, the absorption 
coefficient is quite low for indirect semiconductors compared to those of direct 
semiconductors. The absorption coefficient for silicon is addressed in detail in 
Chap. 6.3.3. 

For every absorbed photon an electron hole pair is generated within the semiconductor 
material. These additionally optically generated excess carriers are denoted as Δn and 
Δp for electrons and holes, respectively, and it follows 
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In thermal equilibrium with a constant optical excitation G > G0 (with G0 indicating 
the thermal generation without optical excitation) this generation is counterbalanced by 
a constant recombination rate R = G > R0 , which leads to the above introduced 
additional excess carriers. After switching of the external optical excitation, thermal 
equilibrium cannot be reached instantaneously. Instead the excess carriers Δn and Δp 
recombine subsequently, with the net recombination rate U = R – R0 . Assuming charge 
neutrality and the absence of minority carrier trapping centers (see Chap. 4.5 for 
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details), what means Δn = Δp, the time-dependent decay of the excess carriers is 
defined by 
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Based on the excess carrier density Δn and the net recombination rate U the excess 
carrier lifetime τ, also addressed as carrier lifetime or lifetime, is defined via 
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The excess carrier lifetime thus depends on the excess carrier density as well as the 
doping concentration of the semiconductor. 

Due to the fact that the different recombination rates Ui can be assumed to occur 
independently from each other, the total recombination rate Utotal can be calculated 
from the sum of the single recombination rates. This has the consequence that the total 
excess carrier lifetime τtotal is calculated from the inverse sum of the reciprocal carrier 
lifetimes τi : 
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2.3 Recombination mechanisms 

The recombination rates can be attributed to different recombination channels. A 
common classification is the one into intrinsic and extrinsic recombination 
mechanisms. In the following the intrinsic recombination mechanisms due to radiative 
band-to-band recombination and Auger band-to-band recombination will we described 
in detail, as well as the extrinsic recombination mechanisms due to defect levels within 
the bulk and at the surface. 

2.3.1 Intrinsic recombination 

The intrinsic recombination mechanisms are always present in a semiconductor, even 
in an ideal crystal. Two contributing intrinsic recombination mechanisms can be 
distinguished in silicon. 

With radiative band-to-band recombination, an electron from the conduction band and 
a hole from the valence band recombine directly, hence emitting a photon with the 
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appropriate energy. The radiative recombination rate Uradiative hence depends linearly 
on the concentrations of excess electrons and holes: 

( ) ( ) .2
00 iradiative npnBpnpnBU −=−=  (2.39)

The factor B is the coefficient of radiative recombination and directly reflects the 
quantum-mechanical probability of a transition of an electron from the conduction 
band into the valence band. In Chap. 6.4 this coefficient will be investigated in detail. 
A recent value at T = 300 K and low-level injection is BLLI(300 K) = 4.73×10-15 cm3s-1 
[17].  

For the Auger band-to-band recombination, the energy that is released from the 
recombination of an electron and a hole is transferred to a third particle, either to an 
electron in the conduction band (eeh process) or a hole in the valence band (ehh 
process). This energy is released subsequently to the semiconductor by thermal 
relaxation. Depending of the band structure of the semiconductor, in both intrinsic 
recombination processes additional phonons may be involved in order to account for 
momentum conservation. 

Assuming the involved charge carriers to be non-interacting and quasi-free [20], the 
Auger recombination rate can be written as 
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where Cn and Cp are Auger coefficients for the eeh and the ehh process, respectively. 
Under high-level injection an ambipolar Auger coefficient Ca ≡ Cn + Cp can be 
defined. The mostly used Auger coefficients are Cn = 2.8×10-31 cm6s-1 and 
Cp = 9.9×10-32 cm6s-1 [21]. 

However, significant deviations from eq. (2.40) have been observed, which are 
discussed in [22, 23]. Hangleiter and Häcker [20] found a theoretical explanation for 
these differences and proposed a Coulomb-enhanced (CE) Auger recombination 
model, which accounts for the Coulomb interaction of the involved electrons and 
holes. To account for these effects the Auger coefficients Cn and Cp in eq. (2.40) are 
multiplied with carrier density dependent enhancement factors geeh and gehh . Altermatt 
et al. experimentally determined a parameterization for these factors [24], which gives 
correct values under low-level injection conditions: 
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In order to account as well for deviations at high-level injection conditions, Rein et al. 
[22] and Glunz et al. [25] proposed injection-dependent Auger coefficients: 
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which replace the original values in eq. (2.40) and using geeh and gehh from eq. (2.41). 
For the Auger coefficients, the following values were used: Cn = 2.8×10-31 cm6s-1, 
Cp = 9.9×10-32 cm6s-1 [21] and Ca = 1.66×10-30 cm6s-1 [26].  

A similar extension to all injection levels has been suggested also by Altermatt et al. 
[27]. From a pure experimental fit to measurement data, Kerr et al. proposed a 
generalized parameterization of the CE-Auger lifetime [23]. A detailed comparison of 
the models, presented there, reveals only slight variations, justifying the use of the 
model of Rein and Glunz throughout this work.  

In Fig. 2.3 the injection-dependent lifetime due to radiative recombination and CE-
Auger recombination is calculated for a 1 Ω cm and a 100 Ω cm p-type silicon sample. 
Also the resulting intrinsic lifetime is calculated using eq. (2.38), which shows that the 
1 Ω cm sample (NA = 1.5×1016 cm-3) is limited by Auger recombination in the whole 
injection range, while to lighter doped 100 Ω cm sample (NA = 1.35×1014 cm-3) is 
limited by radiative recombination at low injection densities and Auger recombination 
at high injection densities. 
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Fig. 2.3: Calculated intrinsic excess carrier lifetimes for a 1 Ω cm and a 100 Ω cm 

p-type silicon sample. The radiative lifetime has been calculated using 
eq. (2.39), while for the Auger lifetime eq. (2.40) with the parameterization 
(2.42) has been used. 

2.3.2 Recombination through bulk defects (Shockley-Read-Hall) 

If defects, such as foreign atoms or other crystallographic imperfections, are present 
within the silicon crystal, additional discrete energy levels within the silicon band gap 
are introduced, which allow for additional recombination of excess carriers. This 
extrinsic recombination channel strongly depends on the concentration of the impurity. 
Although different physical mechanisms, like radiative or Auger, may underlay this 
recombination via defect levels in the bulk, Shockley, Read [28] and Hall [29] 
proposed a theory only being based on statistical considerations. 

In Fig. 2.4 the four possible interaction mechanisms of free carriers with a defect level 
are shown. If the defect center is occupied with an electron, this electron can either we 
emitted into the conduction band (1) or a hole from the valence band can be captured 
(3). If the defect center is vacant, a hole from the conduction band can be captured (2) 
or a hole can be emitted into the valence band (4). It is convention to describe the 
interaction with the conduction band using electrons and the interaction with the 
valence band using holes.  
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Fig. 2.4: Band diagram showing the four possible interaction mechanisms of free 

carriers with a defect level in the band gap: (1) electron emission, 
(2) electron capture, (3) hole capture, and (4) hole emission. 

Combining the processes (2) and (3), the defect acts as a recombination center, while 
for the inverse process, processes (1) and (4), the defect acts as a generation center. 
Combining processes (1) and (2) or (3) and (4), the captured carrier is reemitted into 
the band where it originated from, hence the defect acts as a trap center. Under normal 
circumstances, the generation of excess carrier via defect levels can be neglected [30]. 
Whether a defect acts as a trap center or a recombination center depends on whether 
thermal reemission of the captures carrier or a second capture process is more likely, 
what depends on the Fermi level, the temperature and the capture cross sections of the 
impurity [30].  

In order to calculate the net recombination rate of electrons and holes via a defect 
level, the time-dependent carrier densities in the valence and conduction band have to 
be known. Starting point are the capture and emission rates of the single defect center 
in Fig. 2.4. While the emission rates en and ep are unknown physical constants, the 
capture rates cn* and cp* can be expressed as: 
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with cn and cp are the capture coefficients and σn and σp are the capture cross sections.  

In order to migrate from the single defect center to the whole ensemble, the defect 
concentration Nt and the probability of an occupation with an electron ft are introduced, 
which is described by the Fermi-Dirac distribution. Due to the fact that the total 
electron emission is proportional to Nt ft and the total electron capture is proportional 
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to Nt (1 - ft), the time-dependent change of the carried densities in the conduction band 
and the valence band due to generation and recombination can be written as: 
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The principle of detailed balancing requires dn/dt = 0 and dp/dt = 0, since each process 
must be in equilibrium with its inverse process [31]. Using now this principle of 
detailed balancing together with eq. (2.44) and using eq. (2.5), the emission rates en 
and ep can be expressed as: 
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being the so-called SRH densities. As can be seen from a comparison with eq. (2.5), n1 
and p1 equal the equilibrium densities of electrons n0 and holes p0 when the Fermi level 
EF coincides with the defect level Et . 

In order to derive the expression for the net SRH recombination rate USRH , the general 
case of non-equilibrium is considered. Using external excitation, for example 
illumination, the electron and hole densities n and p are increased. When steady-state 
conditions are reached, the time rates of change dn/dt and dp/dt must equal each other. 
Using eq. (2.44) and (2.45) together with dn/dt = dp/dt yields: 
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Although this expression was derived under steady-state conditions here, it is possible 
to show that it is also valid under transient conditions. 

Defining the capture time constants of electrons and holes τn0 and τp0 as 
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using eq. (2.35) and assuming negligible trapping of minority carriers (Δn = Δp), the 
SRH lifetime can be expressed as: 
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Defining a symmetry factor k as the ratio of the carrier capture cross sections as 
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the SRH lifetime can be rewritten as: 
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Please note that the second equals sign in eq. (2.50) only holds, if the difference 
between the electron and hole thermal velocities is neglected. Due to the fact that the 
carrier capture cross sections in general deviate by some orders of magnitude, this 
assumption is justified in these cases. 

In the following some special cases of the SRH lifetime shall be investigated. For a 
doped semiconductor under low-level injection conditions (LLI) (Δn, Δp << Ndop) 
eq. (2.51) simplifies for a p-type and n-type semiconductor, respectively, to 
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Assuming further a defect level close to the middle of the band gap, the low level 
injection SRH lifetime is simplified for a p-type and n-type semiconductor, 
respectively, to 
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In a recent publication [32], Macdonald and Cuevas investigated the validity of the 
SRH model using a more general model that explicitly accounts for internal trapping, 
what is trapping arising from the dominating recombination center itself. They derived 
an analytical model for the so-called critical recombination center density Ncrit, above 
which standard SRH theory becomes inaccurate: 
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Please note that this internal trapping has to be distinguished from external trapping 
due to additional, mostly shallow trap centers, which will be investigated in detail in 
Chap. 4.5.1. 

2.3.3 Surface recombination 

Recombination cannot only happen within the semiconductor bulk, but also at surfaces 
or interfaces of the semiconductor since these represent an abrupt discontinuity of the 
crystal. Due to the fact that at the surfaces or interfaces there are not discrete energy 
levels but rather a continuous distribution throughout the band gap, the interface trap 
density Dit(E) and the corresponding capture cross sections of the electrons σn(E) and 
holes σp(E) are energy-dependent quantities. Integrating eq. (2.47) over the whole 
band gap using the so-called extended SRH formalism leads to the net surface 
recombination rate: 
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where ns and ps are the concentrations of electrons and holes at the surface, 
respectively. Since Usurface is a recombination rate per area, an effective surface 
recombination velocity is defined via 
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In order to calculate the surface recombination rate, experimental data for the 
quantities Dit(E), σn(E) and σp(E) are needed, as well as ns and ps . The densities for 
the electrons and holes at the surface ns and ps can be computed using a numerical 
algorithm proposed by [33], which accounts for bending of the energy bands near the 
semiconductor surfaces.  

Due to the fact that many variables are included in the calculation of the surface 
recombination velocity, its injection-dependence is based on these and is a priori not 
predictable. In [34] a detailed discussion may be found. 

2.4 Effective lifetime 

When measuring the excess carrier lifetime of a semiconductor sample (for example 
with one of the techniques described in Chap. 4), the effective lifetime is actually 
measured, which includes all recombination channels discussed above, and can be 
calculated using eq. (2.38): 
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The intrinsic lifetime due to radiative and Auger recombination are only dependent on 
the doping type and concentration and hence can be analytically described using the 
equations presented in the last section.  

In order to calculate the equivalent surface lifetime τsurface , [35] proposed an 
approximation formula, for which a detailed analysis shows that it deviates less than 
5 % from the exact solution [36]: 
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In this formula w is the sample thickness and D the diffusivity of the minority carriers. 
For sufficiently low and high values for the surface recombination velocity, 
respectively, τsurface in eq. (2.57) simplifies to: 
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Since for lifetime spectroscopy the SRH lifetime τSRH is of great interest, it has to be 
assured that the surface lifetime is large compared to the SRH lifetime, since than the 
effective lifetime is dominated by the SRH term eq. (2.58). 

Practically this is ensured by using high-quality passivation of the investigated silicon 
samples. It has been shown that for example SiNx or thermally grown SiO2 result in 
sufficiently low surface recombination velocities. The actual passivation applied to the 
investigated samples will be described for every sample in the respective chapter. 



 

 

3 Lifetime spectroscopy 

The excess carrier lifetime is very sensitive for the presence of electrically 
active defect centers within the silicon bulk. From a spectroscopic analysis 
of the injection- and temperature-dependent Shockley-Read-Hall lifetime the 
underlying defect parameters, like energy depth and ratio of the capture 
cross sections, can be extracted, what will be investigated in this chapter. 

3.1 Injection-dependent lifetime spectroscopy 

As shown in the last chapter, the SRH lifetime eq. (2.49) is sensitive to the energetic 
depth of a defect level Et , the ratio of the capture cross sections k ≡ σn / σp and the 
defect concentration Nt , that enters the SRH equation via τn0 . The SRH lifetime 
depends on the temperature and injection density due to the respective dependence of 
the underlying physical mechanisms. These issues can be utilized in order to extract 
the defect parameters from experimental measurements of the SRH lifetime. 

 
Fig. 3.1: Calculated injection-dependent excess carrier bulk lifetime for a 50 Ω cm 

p-type silicon sample being contaminated with interstitial iron. The defect 
parameters used (Et - EV = 0.394, k = 51) are taken from [37] and 
τn0 = 25 µs was assumed. 

For a constant temperature and varying injection densities, the SRH lifetime can be 
calculated using eq. (2.51). An example of such an injection-dependent lifetime curve 
is given in Fig. 3.1, where the different bulk lifetimes (radiative, Auger, SRH) were 
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calculated for a 50 Ω cm p-type silicon sample being contaminated with interstitional 
iron (Fei).  

Since the resulting injection-dependent lifetime curve can be calculated for given 
defect parameters, this process can be reversed in order to extract the defect parameters 
from experimentally determined injection-dependent lifetime values. However, with 
this injection-dependent lifetime spectroscopy (IDLS), an in-depth analysis [5] of the 
shape of the IDLS curve shows that by performing a least-square fit to the 
measurement data, the parameters τn0, Et and k cannot be determined independently. 
Rather for every given energy depth Et a symmetry factor k can be found yielding the 
same fit quality. Hence, from an IDLS alone only the dependence of the symmetry 
factor k from the energy depth Et is accessible. 

This limitation can be resolved if the Fermi level within the sample is changed. This 
can be carried out for example by changing the temperature (see also the next section) 
or by changing the doping concentration Ndop of the sample (or having different 
samples with varied doping concentration and exactly the same defect configuration). 

3.2 Temperature-dependent lifetime spectroscopy 

More information about the underlying defect parameters can be gathered from 
temperature-dependent lifetime spectroscopy (TDLS), for which the low-level 
injection SRH lifetime is evaluated for varying temperature.  

The temperature-dependence of the low-level injection SRH lifetime is given by 
eq. (2.51), which is plotted in Fig. 3.2 for a 50 Ω cm p-type silicon sample being 
contaminated with interstitional iron (Fei). The graph illustrates three different regions 
with different temperature-dependent behavior. 

In region 1, at high temperatures, intrinsic conduction determines the SRH lifetime. 
Since the denominator in eq. (2.51) [p0(T) + n0(T)] increases exponentially, the SRH 
lifetime decreases strongly with increasing temperature. 

In region 2, at moderately high temperatures, the TDLS curve shape is dominated by 
the temperature-dependence of the SRH densities n1 and p1 (see eq. (2.46)), 
respectively, which itself are dependent on the energy depth ΔEt (see Fig. 3.3). This 
temperature region is also referred to as Arrhenius increase. 

In region 3, at low temperatures, the low-level injection SRH lifetime is dominated by 
the capture time constant τn0 and thus yields the temperature-dependence of the capture 
cross section σ(T). 
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Fig. 3.2: Calculated temperature-dependent low level injection SRH lifetime for a 

50 Ω cm p-type silicon sample being contaminated with interstitial iron. 
The defect parameters used (Et - EV = 0.394, k = 51) are taken from [37] 
and τn0 = 25 µs was assumed. 

 
Fig. 3.3: Calculated SRH densities n1 and p1 for varying temperatures in 

dependence of the defect energy Et . The common doping range of silicon 
samples is shown shaded for comparison. 

From experimental TDLS data, the underlying defect parameters can be extracted by 
modeling the data. In-depth analysis of this modeling process shows [5] that for the 
parameters τn0, Et and k two parameter sets are obtained from minimizing the least-
square fit, one being located in the band gap half of the minority carriers, one in the 
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band gap half of the majority carriers. From the TDLS fit alone, in general it cannot be 
decided which solution represents the true parameter set.  

However, combining this analysis with other measurement and evaluation techniques, 
such as DLTS or IDLS, the true defect parameters can be accessed. 

Furthermore, it is also possible to evaluate the injection-dependent lifetimes for 
different temperatures (temperature- and injection-dependent analysis T-IDLS) [38, 
39]. 

3.3 Defect parameter solution surface 

In order to analyze the experimental IDLS and TDLS data with maximum 
transparency, the defect parameter solution surface (DPSS) technique was developed 
[5]. 

For this evaluation method, the experimental data are fitted using the SRH model 
eq. (2.51) with the three parameters τn0, EC - Et and k. For the fitting, the parameter 
(EC - Et)DPSS is set to a fixed value (within the band gap) while a least-square fit is 
performed, resulting in the parameters τn0

DPSS, kDPSS and χ2. Please note that the index 
DPSS indicates not the true defect parameters but rather parameters used during the 
analysis. Subsequently, the parameter (EC - Et)DPSS is varied throughout the whole band 
gap and the least-square fit performed for every distinct value. This procedure results 
in data quartets, consisting of (EC - Et)DPSS, τn0

DPSS, kDPSS and χ2 for every energy level 
within the band gap. 

For TDLS data, this procedure results in two distinct minima of the χ2 curves, yielding 
two possible parameter sets for the true underlying defect parameters, one being 
located in the band gap half of the minority carriers and one in the band gap half of the 
majority carriers. 

For IDLS data, this DPSS procedure results in a constant χ2 value for a wide range of 
energy levels (EC - Et)DPSS, giving only a corresponding symmetry factor k for every 
energy depth EC - Et. 

Due to the fact that most impurities introduce a deep and a shallow defect level within 
the silicon band gap, the DPSS analysis has to be repeated twice. For the first analysis, 
the defect parameters of the shallow defect level are set to fixed (but reasonable) 
values while the first DPSS analysis is performed for the deep level. Subsequently, the 
defect parameters for the deep defect level are set to fixed values while the second 
DPSS analysis is carried out for the shallow defect level. 



 

 

4 Lifetime measurement techniques 

Different excess carrier lifetime measurement techniques were used 
throughout this work. Both, transient and quasi-steady-state techniques were 
utilized, being based on photoconductance and photoluminescence 
measurements. In detail, the microwave-detected photoconductance decay, 
the quasi-steady-state photoconductance, the transient photoconductance 
and the quasi-steady-state photoluminescence will be introduced in this 
chapter and their respective advantages and disadvantages will be 
highlighted. 

4.1 Microwave-detected photoconductance decay 

The microwave-detected photoconductance decay (µW-PCD) is a transient technique, 
which measures the exponential decay of excess carriers immediately after a short 
laser pulse. In its current design it was established in the 1990s [40, 41], but prequel 
techniques were designed earlier [42, 43]. 

4.1.1 Measurement principle 

A short laser pulse on top of a steady-state bias light generates additional electron-hole 
pairs within the investigated semiconductor sample, hence increasing its 
photoconductance. After the short laser pulse, this additional photoconductance 
declines exponentially, which is measured by the detection of reflected microwaves 
(see also Fig. 4.1 and Fig. 4.2).  

The microwave reflectance is a non-linear function of the conductivity [40, 41]. Only 
small intervals (Δσlaser / σbias < 10%) can be treated as quasi-linear, with the 
consequence that the additional conductivity due to the laser excitation (Δσlaser) has to 
be small compared to the conductivity due to the additional bias light (σbias). With 

( ) ,pnq pn μμσ +=  (4.1)

where q denoted the elementary charge, μn/p the mobility of the electrons and holes and 
n / p the carrier densities of the electrons and holes, the laser induced additional 
photoconductance can be described via 
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showing that the change in photoconductivity is proportional to the laser induced 
excess carrier density. 

 
Fig. 4.1: Schematic of a µW-PCD measurement setup. Additional to the steady-state 

bias light a short laser pulse generates electron hole pairs within the 
semiconductor sample. After the short laser pulse, these electron hole pairs 
recombine. The related time constant can be measured by means of 
microwaves, whose reflectance changes based on the conductivity of the 
sample. 

 
Fig. 4.2: Time-dependence of the excess carrier density. On top of the steady-state 

bias illumination a short laser pulse generates additional excess carriers, 
which recombine subsequently. 
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From the exponential decay of the excess carriers after the short laser pulse, the time 
constant of this recombination can be deducted. In fact several exponentially decaying 
modes are expected from theory [44]. But due to the fact that the higher the mode the 
faster it dies out, after a short time the excess carrier decay is only described by the 
time constant of the fundamental mode, which is measured. 

However, it has been shown by [45] that the time constant obtained from light-biased 
µW-PCD measurements is a differential time constant 1 / τdiff(Δn) = ∂U(Δn) / ∂Δn and 
not an absolute time constant 1 / τabsolute(Δn) = U(Δn) / Δn. This is illustrated in Fig. 
4.3, where the difference between the differential and absolute quantities is shown for 
an injection-dependent recombination rate U. 

 
Fig. 4.3: Schematic representation of the injection-dependence of the recombination 

rate U(Δn) for a non-linear sample. The red labeling represents the 
calculation of the differential quantities, while the blue represent the 
absolute ones. 

Based on the ambipolar diffusion equation, expressions can be derived in order to 
calculate the absolute quantities from the differential ones [22, 46]. In case that the 
samples excess carrier lifetime is limited by recombination in the bulk, the absolute 
bulk carrier lifetime τbulk can be calculated from the differential time constant 
1 / τdiff(Δn) = ∂U(Δn) / ∂Δn via 
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Only in the case where the recombination rate depends linearly on the excess carrier 
density, which is the case for low-level injection Shockley-Read-Hall recombination 
(see Chap. 2.2), the bulk excess carrier lifetime can be expressed by the differential 
time constant. In order to determine the absolute excess carrier lifetime at higher 
injection densities, it is necessary to measure the differential lifetime in the whole 
lower injection range and subsequently integrate these data [22].  

In the case the samples excess carrier lifetime is limited by the surface recombination, 
the absolute surface recombination velocity S can be calculated from the differential 
surface recombination velocity Sdiff(Δn) = ∂U(Δn) / ∂Δn via 
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Due to the fact that the measured microwave reflections contain no information on the 
magnitude of the excess carrier density, the additional bias light has to be calibrated 
using a reference solar cell. Since the actual excess carrier density not only depends on 
the generation rate but also on the excess carrier lifetime, the integrations described 
above have to be carried out in an iterative way [22].  

4.1.2 Measurement setup 

The µW-PCD measurement system as realized at the Fraunhofer ISE [47, 48] uses a 
2.8 GHz microwave oscillator. The conductivity-dependent reflectance of the 
semiconductor sample is amplified and detected using a digital storage oscilloscope. 
By using a special setup, it is possible to subtract the time-independent part of the 
signal coming from the sample before the amplifying step, resulting in a good 
sensitivity of the system. 

Several halogen lamps allow for setting a fixed background level of electron-hole 
pairs. The light intensity of these is determined using a calibrated reference solar cell. 
With the system currently realized the bias level can be set to a maximum of three 
suns.  

On top of this steady-state illumination, a GaAs based laser diode emitting laser pulses 
of 908 nm with a pulse duration of 100 ns generates additional electron-hole pairs 
hence increasing the conductivity of the sample. The penetration depth of this laser is 
approximately 30 µm in silicon. After this short laser pulse, the additional electron-
hole pairs recombine, while the related time constant reflects the differential carrier 
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lifetime (Fig. 4.4 shows the measured µW-PCD signal for a high-lifetime n-type 
silicon sample). 

 
Fig. 4.4: Typical measurement signal of a µW-PCD measurement. A GaAs based 

laser diode emitting laser pulses of 908 nm with a pulse duration of 100 ns 
generates additional electron hole pairs hence increasing the conductivity 
of the sample. This increased conductivity is detected using the changing 
reflectance of microwaves. From an exponential fit of the measurement 
data, the time constant τdiff can be extracted. 

 
Fig. 4.5: Schematic of the liquid nitrogen cooled cryostat being integrated into the 

µW-PCD measurement system (altered from [22]). 

For allowing temperature-dependent lifetime measurements, a liquid nitrogen cooled 
cryostat can be integrated into the µW-PCD measurement setup (a schematic is shown 
in Fig. 4.5), which allows temperatures from 77 K to approximately 600 K to be 
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accessed. However, since the bias lamp and the temperature have to be adjusted for 
every single data point, this technique is very time consuming. 

4.2 Quasi-steady-state photoconductance 

The quasi-steady-state photoconductance (QSS-PC) measurement technique measures 
the change in photoconductivity of a silicon sample when being illuminated, from 
which the excess carrier lifetime is calculated subsequently. As illumination source a 
xenon photo flash is used whose light intensity varies slowly, holding the sample in 
quasi-steady-state conditions. This method was firstly published by Sinton and Cuevas 
in 1996 [49, 50]. 

4.2.1 Measurement principle 

During a quasi-steady-state photoconductance (QSS-PC) measurement, excess carriers 
are generated within the sample using a conventional xenon photo flash. The hence 
increased photoconductance of the sample is measured using an inductively coupled 
coil included in an oscillating circuit (see Fig. 4.6). The photoconductivity is measured 
during a slowly dimishing flash, keeping the sample under quasi-steady-state 
conditions. This necessitates the knowledge of the actual generation rate within the 
investigated sample, which is accomplished using an additional calibrated monitor cell 
and an optical factor, which accounts for the optical properties of the investigated 
sample compared to these of the monitor cell.  

 
Fig. 4.6: Schematic of the QSS-PC measurement setup. A conventional xenon photo 

flash illuminates the sample, hence generating electron hole pairs. The 
photoconductivity of the sample is measured using an oscillating circuit. 
The photoconductivity is measured during the flash, necessitating 
additional knowledge of the actual generation rate within the sample, 
which is measured using a calibrated monitor cell. 
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The photogenerated excess carrier densities Δn and Δp result in a change in 
photoconductance Δσ(t), according to  

( ) ( ) ( ) ,pnpn nqpnqt μμμμσ +Δ=Δ+Δ=Δ  (4.5)

where q denotes the elementary charge, μn/p the mobility of the electrons and holes, 
respectively. The last equals sign holds for conditions where trapping of minority 
carriers or depletion region modulation can be neglected (see also Chap. 4.5).  

For evaluation of the measured photoconductance at room temperature, the mobilities 
as depicted in Fig. 4.7 are used [51]. When performing temperature-dependent 
photoconductance measurements, the temperature-dependence of the mobilities has to 
be accounted for explicitly. It was found that the model of Dorkel and Leturcq [52] is 
best suited. 

 
Fig. 4.7: Electron and hole mobilities used for the calculation of the excess carrier 

density from the measured conductance when using the QSS-PC 
measurement setup at room temperature (from [51]). 

Solving eq. (4.5) for Δn and using the independently monitored generation rate G(t), 
the effective lifetime of the excess carriers can be calculated using the generalized 
evaluation technique [53] as 

( ) ( )
( ) ( ) .

d
d

t
tntG

tnneff Δ−

Δ=Δτ  
(4.6)

The generation rate G(t) can be calculated from the measured light intensity Isuns(t) via 
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where JSC,1sun is a theoretical short-circuit current density where the optical factor fabs is 
related to and w denoted the sample thickness. The optical factor fabs , which accounts 
for the different optical properties of the monitor cell and the sample, can be 
determined using optical raytracing simulations (like “Sunrays”) and is normally 
related to JSC,1sun = 38 mA/cm2. Please note that the actual spectrum [54, 55] of the 
xenon flash used for illumination has to be utilized in order to get reliable results for 
the optical factor (see also [56] for details). 

The QSS-PC is a contactless and fast measurement technique, which averages the 
measured conductivity signal over a measurement area of a few cm2. The overall 
accuracy of such a inductively-coil detector is thought to be approximately within 
10 % [57]. 

4.2.2 Measurement setup 

The QSS-PC measurement systems WCT-100 and WCT-120 from Sinton Consulting, 
Inc. are used at Fraunhofer ISE. Fig. 4.8 shows such a measurement system. 

The calibration of the PC measurement setup is carried out by measuring the 
photoconductance signal for samples with known resistivity. Doing so with a large 
variety of samples with different resistivities, the whole injection range can be 
calibrated. This calibration of the PC signal is valid for all kinds of silicon samples to 
be investigated.  

Fig. 4.9 shows the measured raw signals for a typical QSS-PC measurement. The 
photo flash intensity declines exponentially over several milliseconds. The 
simultaneously measured photoconductance shows also a monotonically declining 
shape. From these measurement data, the injection-dependent effective lifetime τeff(Δn) 
is calculated using eq. (4.6). 

With the system available at Fraunhofer ISE, it is possible to access temperatures in 
the range from room temperature to 150°C using a simple heating element [38, 39]. 
Recently the accessible temperature range using another type of heating and cooling 
element was increased from 0°C to 230°C [58]. Using a cryostat is no option since the 
calibration of the measurement stage including the cryostat head is not possible. 
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Fig. 4.8: QSS-PC measurement system WCT-120 from Sinton Consulting. The xenon 

photo flash illuminates the sample on the stage and the monitor cell. The 
hence generated excess conductance within the silicon sample is measured 
using an inductively coupled coil and radio frequency (rf) circuit. The data 
acquisition is performed using a digital IO card from National Instruments 
(photo from Sinton Consulting, Inc.). 

 
Fig. 4.9: Typical measurement signal of a QSS-PC measurement. The exponentially 

decaying light intensity is monitored using an external monitor cell (blue) 
while the photoconductance of the sample is measured using a calibrated 
rf circuit (red). 
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4.3 Transient photoconductance 

An alternative method to determine the excess carrier lifetime is based on the analysis 
of the decaying photoconductance transient after excess carriers have been created by a 
short light pulse [30]. Using the same hardware setup as for the QSS-PC measurement 
technique, for a transient photoconductance (TR-PC) measurement the excess 
photoconductance is measured using an inductively coupled coil with a radio 
frequency (rf) circuit. 

4.3.1 Measurement principle 

After excess carriers have been created using a short light pulse, these excess carriers 
recombine subsequently. From the definition of the effective lifetime (see eq. (2.57)) 
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it follows for the injection-dependent effective lifetime  
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4.3.2 Measurement setup 

For measuring the effective excess carrier lifetime, the same hardware setup as for the 
QSS-PC technique can be used, although the additional monitor cell can be omitted for 
the case of a transient photoconductance (TR-PC) measurement. The flash duration is 
changed to a very short time constant, as can also be seen in Fig. 4.10, where the 
measurement signals for a typical TR-PC measurement are shown. 

Due to the fact that the sample has to be in pure transient mode (which means the 
excess carrier lifetime has to be small compared to the time constant of the flash lamp), 
only samples with a high carrier lifetime can be reliably measured with this transient 
technique. Please see also Chap. 0 and Chap. 11.1 for an in-depth comparison of the 
different lifetime measurement techniques.  
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Fig. 4.10: Typical measurement signal of a TR-PC measurement. The time constant 

of the short flash pulse (blue) has to be small compared to the effective 
excess carrier lifetime of the sample in order to get reliable results. 

4.4 Quasi-steady-state photoluminescence 

The photon emission of the direct recombination process of excess carriers can be 
utilized for the calculation of the excess carrier lifetime, which is used for the quasi-
steady-state photoluminescence (QSS-PL) technique. The QSS-PL technique was 
introduced 2004 by Trupke et al. [59] for measuring the excess carrier lifetime of 
silicon samples, being based on the work on photoluminescence of P. Würfel at the 
University of Karlsruhe. 

4.4.1 Measurement principle 

In general, the photoluminescence (PL) intensity (IPL) is proportional to the product of 
the electron and hole densities n and p, respectively: 
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where Uradiative denotes the radiative recombination rate, B(T,n,p) the coefficient of the 
radiative recombination [17, 60]. The calibration constant Ai will be investigated in 
detail in Chap. 6.3, while the temperature- and injection-dependence of B(T,n,p) will 
be investigated in detail in Chap. 6.4. In order to calculate absolute excess carrier 
lifetimes from the measured photoluminescence intensity, the above equation is solved 
for Δn: 
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Together with the independently monitored generation rate G the effective carrier 
lifetime can be determined [53]: 

( ) ( )
( ) ( ) .

d/d ttntG
tnneff Δ−

Δ=Δτ  (4.12)

A more detailed analysis including measurement distortions due to trapping of 
minority carriers and depletion region modulation will follow in the next section, while 
measurement inaccuracies due to photon reabsorption will be covered in Chap. 6.3. 

Since no generation light should be allowed to enter the photoluminescence detector, 
special attention has to be paid for the actual measurement setup.  

4.4.2 Calibration of the measurement signals 

In order to calculate absolute excess carrier lifetimes from the measured PL intensity 
signal, the proportional constant Ai has to be known (see eq. (4.11)). Two methods can 
be used for calibrating this factor. Since this factor depends on the optical properties of 
the sample and the detector geometry, this has to be done for every sample to be 
investigated. 

The easiest way for a calibration of Ai is to compare the calculated injection-dependent 
excess carrier lifetimes with those determined using another method like the QSS-PC. 
If the factor Ai is chosen correctly, the two curves overlap. 

In order to perform the calibration of the PL measurement signal independently from 
other measurement techniques, a self-consistent calibration method can be applied 
[61]. For this, the illumination frequency of the light source is chosen in such a way 
that the sample is neither in quasi-steady-state nor in transient mode. The second 
requirement is that the actual measurement is performed for increasing light intensity 
as well as for decreasing light intensity. In this case, the derivative dΔn / dt of the 
denominator in eq. (4.12) changes its sign for the increasing and decreasing light 
intensity, respectively. If the calibration constant Ai is not chosen correctly, this results 
in different carrier lifetimes for the same injection density from the measurements at 
increasing and decreasing light intensity, respectively, hence allowing to identify the 
correct value for Ai by minimizing the difference between the two branches of 
calculated carrier lifetimes (see Fig. 4.11). 
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Fig. 4.11: Injection-dependent effective lifetimes of a 1 Ω cm p-type silicon FZ 

sample passivated using 105 nm SiNx. The resulting data for increasing 
and decreasing light intensity are calculated for different calibration 
constants Ai , which are scaled by the correct value.  

The generation rate within the sample is determined by measuring the incident photon 
current density jγ(t) with an external monitor cell. Considering the front side reflections 
of the sample Rf and assuming all light entering the sample to be absorbed (which is 
reasonable for an used illumination wavelength of λ = 810 nm with an corresponding 
absorption depth in silicon of 13 µm), the generation rate G(t) can be calculated as 

( ) ( ) ( ) ,11 tjR
w

tG f γ−=  (4.13)

with w representing the sample thickness. The photon current density can be 
determined with a calibrated reference cell, if this cell is illuminated with the same 
intensity as the sample via 

( ) ( ) ,1 tI
AqEQE

tj reference
referencereference

=γ
 

(4.14)

where EQEreference denotes the external quantum efficiency of the reference cell at the 
incident light wavelength, q the elementary charge, Areference the area of the reference 
cell and Ireference the measured current. If an additional monitor cell is used, the scaling 
factor fs = Ireference / Imonitor has to be calibrated. Eq. (4.14) can be rewritten for this case 
as 



44 4  Lifetime measurement techniques 

 

( ) ( ) .tI
AqEQE

f
tj monitor

referencereference

s=γ
 

(4.15)

4.4.3 Measurement setup 

In our experimental setup of the quasi-steady-state photoluminescence measurement 
system (QSS-PL, see Fig. 4.12 for a schematic and Fig. 4.13 for a photograph), which 
was developed at the University of New South Wales (UNSW, Sydney, Australia), the 
sample is illuminated from the front by a high power LED array (λ = 810 nm). This 
light source consists of 60 small LEDs within a housing and a glass window cap. The 
maximum incident light intensity on the sample is approximately 0.25 suns 
(0.025 W/cm2). The emitted PL photons from the radiative recombination within the 
sample are detected by a pin photo detector located on the rear of the sample, which is 
covered by a 3 mm thick RG1000 long-pass filter in order to allow no generation light 
entering the sensor. Measurement of the PL photons from the front side of the sample 
would also be possible; however caution would have to be paid in order to avoid 
generation light entering the PL detector. The generation rate is monitored separately 
using a calibrated monitor cell.  

 
Fig. 4.12: Schematic of the QSS-PL measurement setup. A LED light source 

illuminates the sample, hence generating electron hole pairs. Some of these 
electron hole pairs recombine radiatively, emitting photoluminescence 
photons. These photons are detected using a silicon pin sensor. The 
generation rate is monitored independently using an external calibrated 
monitor cell. 
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Fig. 4.13: Photograph of the photoluminescence measurement setup as realized at 

Fraunhofer ISE. The reference cell is used to calibrate the monitor cell, 
which determines the actual light intensity during a measurement. The 
light source, beam splitter and monitor cell are encapsulated in order to 
simplify handling. Attention has to be paid so that no generation light 
enters the pin photoluminescence detector. 

The voltage driven LED light source is controlled using a computer controlled 
National Instruments digital I/O card. The actual intensity of the light source is 
determined using a monitor cell, which is calibrated using a reference cell before each 
measurement series. The current signal of the monitor cell, as well as the current signal 
of the photoluminescence detector, are converted into a voltage signal and amplified 
using a specially designed low-noise preamplifier, which allows for a signal 
amplification up to the factor 109. These signals are subsequently measured using two 
synchronized National Instruments digital I/O cards, since one card alone would only 
allow to measure two channels time-multiplexed. The control and subsequent analysis 
of the whole measurement system is implemented using the software “LabVIEW” 
from National Instruments. 

Typical raw measurement data and processed injection-dependent excess carrier 
lifetimes are shown in Fig. 4.14 and Fig. 4.15. 
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Fig. 4.14: Raw measurement data of a typical QSS-PL measurement. Please note that 

the depicted curves are measured using different pre-amplification factors. 
The signals from the monitor cell and the photoluminescence detector are 
subsequently processed in order to calculate injection-dependent excess 
carrier lifetimes according to eq. (4.12). 

 
Fig. 4.15: Calculated effective carrier lifetimes for a 100 Ω cm n-type FZ silicon 

sample. The raw measurement data are shown in Fig. 4.14. 

4.5 Comparison of measurement artifacts in 
photoconductance- and photoluminescence-based 
measurements 

While the µW-PCD and the photoconductance-based (QSS-PC and TR-PC) 
measurement techniques measure the sum of the excess electron and hole densities 
Δn + Δp, the photoluminescence-based technique measures the product of the excess 
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electron and hole densities Δn Δp, as has been shown before. This has considerable 
consequences for the accuracy of the determination of the excess carrier lifetimes, 
especially at low injection densities. 

4.5.1 Minority carrier trapping 

Photoconductance-based measurements often show artificially high lifetimes under 
low injection conditions, which are related to trapping of minority carriers. These have 
been observed in multi-crystalline material [49, 62] and also mono-crystalline material 
[63, 64]. A defect level is considered as a trap center rather than a recombination 
center if a captured minority carrier is much more likely, after a certain time constant, 
to be reemitted into the band where it originated from than to recombine with a 
majority carrier via a defect level. 

A theoretical model from Hornbeck and Hayes [65] and Fan [66] was found to 
describe experimental data of abnormal high lifetimes under low-level injection very 
well [62]. In this model recombination and trapping are considered to take place at 
separate defect centers, which mean that no recombination occurs at traps and no 
trapping occurs at recombination centers. Assuming without loss of generality a p-type 
silicon sample with a total trap concentration Nt and a concentration of trapped 
electrons nt , the concentration of trapped electrons nt and Δn are given by the 
following coupled differential equations: 
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where G(t) is the optical generation rate, τr is the recombination lifetime, τt is the mean 
time before a free electron is trapped (with all the traps empty) and τg is the mean time 
an electron is trapped. In Fig. 4.16 these different processes are visualized. 
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Fig. 4.16: Energy band diagram showing different excess carrier recombination and 

trapping processes (altered from [62]). 

In steady-state, where the left hand sides of eq. (4.16) and (4.17) are zero, addition of 
both equations yields Δn = G(t) τt as in the case without trapping. Trapping of minority 
carriers has thus no effect on the density of minority carriers since the trapping rate and 
the escape rate are balanced in steady-state. However, for the majority carriers charge 
neutrality demands under these circumstances  

.tnnp +Δ=Δ  (4.18)

For measurement techniques where the measurement signal depends on the sum of the 
excess electron and hole densities Δn + Δp, it follows 
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The last term of eq. (4.19) describes an additional photoconductance due to trapping of 
minority carriers, which is more pronounced if the trapped electron density nt cannot 
be neglected compared to the excess hole density Δn, which is the case at low injection 
densities.  

One possibility to reduce the effect of the trapped minority carriers is the so-called bias 
light correction [67]. With this analytical correction method it is possible to lower the 
minimum injection level at which τeff is correct to within an error of 30 % by up to 
about one order of magnitude. 
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Another possibility to reduce the influence of the trapped minority carriers is by 
applying so-called sub band gap light in order to empty the trap centers intentionally 
[68].  

In contrast to the photoconductance-based measurement techniques, 
photoluminescence-based measurements are affected much less by minority carrier 
trapping, due to the fact that the product of Δn Δp is measured for subsequent 
evaluation. 

Including trapping of minority carriers for the evaluation of the PL signal, eq. (4.10) 
changes to (for a p-type sample) 
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For the case of low-level injection, where trapping of minority carriers would have the 
largest impact, this simplifies to 

( ) ( ) ( ) .tnnNtI tdopPL Δ+∝  (4.21)

This shows that photoluminescence-based measurements (and also other techniques 
which rely on the product of Δn Δp) are only affected by trapping of minority carriers 
to the ratio of the pn product with and without trapping, what is in proportion to 
(nt+Ndop) / Ndop under low level injection and an even smaller ratio for higher injection 
conditions. 

In Fig. 4.17 the different measurement techniques, QSS-PC with and without 
additional sub band gap light and QSS-PL, are compared for a 1.2 Ω cm p-type multi-
crystalline silicon sample. The different behavior at low injection densities due to 
trapping of minority carriers is clearly visible. 
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Fig. 4.17: Effective excess carrier lifetime τeff of a 1.2 Ω cm p-type mc-Si wafer as a 

function of Δn determined from QSS-PL, QSS-PC, and from QSS-PC with 
additional sub band gap illumination at two different intensities (from 
[69]). 

4.5.2 Depletion region modulation 

Besides measurement artifacts due to trapping of minority carriers, abnormal high 
excess carrier lifetimes due to depletion region modulation (DRM) have been observed 
experimentally and analyzed theoretically [70-72]. 

The DRM measurement artifacts result from a modulation of the depletion region 
width due to a change of excess carrier concentration with changing illumination 
conditions. In QSS-PC measurements the background photoconductance is measured 
while the sample is kept in the dark. During the illumination using the photo flash, 
excess carriers are photogenerated, inducing a voltage across the depletion region, with 
the consequence that the width of the depletion region reduces and the bulk region 
enlarges. This modulated region changes from being a depletion region to bulk region.  

For a detailed analysis, Fig. 4.18 shows the energy band diagram of a pn junction 
under open circuit (VOC) conditions under steady-state illumination. Assumed are well-
passivated surfaces and a long excess carrier diffusion length. Due to the VOC 
conditions, an external voltage builds up since photogenerated excess electrons and 
holes are spatially separated, which is manifested in a separation of the quasi Fermi 
levels εF,n and εF,p.  
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Fig. 4.18: Energy band diagram of an illuminated pn junction at VOC conditions. 

Excess carrier densities ΔnDRM and ΔpDRM build up at the edges of the 
depletion region, in addition to the excess carrier densities Δn and Δp of 
the quasi-neutral region (altered from [71]). 

Due to the illumination, excess electrons accumulate at the n-type side edge of the 
depletion region while excess holes accumulate at the p-type side edge of the depletion 
region, resulting in a decrease of the depletion region width with increasing 
illumination intensity. This process is called depletion region modulation (DRM). Due 
to the decrease of depletion region width with increasing illumination, excess carrier 
densities ΔnDRM and ΔpDRM from the edges of the depletion region are transferred into 
the bulk, hence increasing the photoconductivity of the sample artificially according to 

( ) ( )( ) .DRMpDRMn ppnnq Δ+Δ+Δ+Δ=Δ μμσ  (4.22)

Due to the fact that the separation of the Quasi Fermi levels εF,e - εF,h = η is hardly 
influenced by DRM [59, 73], the photoluminescence-based measurements are not 
influenced either, since the PL measurement signal can be expressed in term of the 
separation of the quasi Fermi levels η as 
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4.6 Comparison of the introduced lifetime measurement 
techniques 

Tab. 4.1 shows a summary of the capabilities and restrictions of the different lifetime 
measurement techniques being introduced before. 

The quasi-steady-state techniques as well as the µW-PCD can be used for high and low 
excess carrier lifetime samples, the TR-PC technique can only be used for samples 
with a high excess carrier lifetime.  

Since for the µW-PCD technique the injection dependence is carried out using an 
external bias lamp, which requires additional simulations in order to extract the true 
injection-dependent lifetimes, measurement and evaluation times are very long.  

Due to the fact that calibrating the PC based measurements is not possible when using 
a cryostat in order to access largely varying temperatures, only µW-PCD and QSS-PL 
measurements can be used for reliable temperature-dependent measurements in a large 
temperature range from 77 K to 600 K. For QSS-PL measurements, however, 
temperature-dependent photon reabsorption has to be taken into account (see 
Chap. 6.3). 

Since the photoconductance-based techniques are affected by artifacts due to trapping 
of minority carriers and depletion region modulation, measurements of low carrier 
densities are not very reliable using these methods, whereas the photoluminescence-
based technique is hardly affected by these distortions. 

Tab. 4.1: Capabilities and restrictions of the introduced lifetime measurement 
techniques.  

 High Low 

 carrier lifetimes 

Fast  
injection-dep. 
measurement

Temp. from 
77 to 600 K 

Trapping 
and DRM 

free 

µW-PCD      

QSS-PC      

TR-PC      

QSS-PL      

 



 

 

5 Deep-level transient spectroscopy 

After lifetime spectroscopy has been covered in the last chapters, this 
chapter outlines the use of deep-level transient spectroscopy (DLTS) for 
characterizing electrically active defects in silicon. After the physical basics 
are explained, a method for extracting the defect parameters from the 
measured capacitance transient is presented. 

5.1 Basic principle 

The idea to investigate electrically active defects in silicon by means of deep-level 
transient spectroscopy (DLTS) was proposed by Lang in 1974 [74]. Since then it is 
nearly unchanged in its basic principle and the workhorse for defect characterization of 
semiconductors. Nearly all known energy levels and majority carrier capture cross 
sections of defects deeper than 0.1 eV from the band edges were measured and 
investigated using the DLTS measurement technique. 

The basic concept of DLTS is that a so-called fill pulse is used to occupy the defect by 
charge carriers, which subsequently are thermally emitted subsequently into the 
majority carrier band after switching off the fill pulse. This process is measured 
utilizing the changing capacity of a space charge region. Doing so for varying 
temperatures, from the temperature-dependence of the emission rate the defect 
parameters can be extracted. 

Without loss of generality an n-type silicon sample is assumed in the following. 
Further a defect level located in the band gap half of the majority carriers is assumed. 
On one side of the sample a Schottky contact and on the other side an Ohmic contact is 
applied. At the Schottky contact, where the work function of the metal is larger than 
the work function of the semiconductor qΦm > qΦsc, the energy bands are bending 
within the semiconductor (see Fig. 5.1), what is denoted as built-in voltage Vbi. This 
built-in voltage can be calculated as: 
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where q denotes the elementary charge and qχ the electron affinity. 
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Fig. 5.1: Metal n-type semiconductor contact before (left) and after (right) joining. 

Due to the fact that the metal has a larger work function qΦm than the n-
type semiconductor qΦsc , a Schottky contact forms. 

Through applying an external voltage Vext between metal and semiconductor, the band 
bending can be influenced, yielding a total voltage Vtotal: 

.extbitotal VVV −=  (5.2)

Integration of the one-dimensional Poisson equation over the depletion region results 
in a parabola-like characteristic of the conduction band and the total voltage can be 
calculated as: 
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with Ndop being the doping concentration of the sample, ε the permittivity of free 
space, ε0 the permittivity of silicon and zd the depletion region width. Solving for zd 
yields: 
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Approximating the depletion region in first order as an parallel-plate capacitor, an 
expression for the capacity C0 is yielded: 
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with A being the area of the contact. 

The capacity vs. external voltage measurement C(V), at a constant temperature, is 
always the first part of a DLTS measurement, since with this measurement the total 
excess carrier density, or, assuming complete ionization of the dopant atoms, also the 
doping concentration of the sample can be determined. For evaluation, 1/C0

2 vs. Vext is 
plotted and a linear regression leads to the doping concentration Ndop. The exact 
knowledge of the doping concentration is essential for the calculation of the defect 
density Nt , which will be outlined later in this chapter. 

Using typically values of solar cells with eq. (5.5), it turns out that the C(V) 
measurement actually happens in a depth 0.5 – 1.2 µm beneath the Schottky contact. 
Due to the fact that for actual DLTS measurements the same dimension of voltages is 
applied, this depth holds for these measurements. 

 
Fig. 5.2: Typical characteristics of the applied external voltage (top) and resulting 

capacity of the depletion region beneath the Schottky contact (bottom) 
during a DLTS measurement. 
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The determination of the doping concentration using the C(V) measurement is 
followed by the actual DLTS measurement. For this, the Schottky contact is biased 
alternating between a reverse bias voltage and a so-called fill pulse, which is only a 
small voltage (see also Fig. 5.2). The consequences on the occupancy of the defect 
levels with electrons are illustrated in Fig. 5.3. 

 
Fig. 5.3: Basic principle of a DLTS measurement. (a) The Schottky diode is reverse-

biased, a depletion region with width zd,∞ forms. (b) The fill pulse is 
applied, reducing the width of the depletion region to zd. Defect levels are 
filled with electrons. (c) The diode is again reverse-biased. Electrons 
above the Fermi level are thermally emitted into the conduction band. 
During this process the width of the depletion region changes from zd,0 to 
zd,∞. 
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In the initial situation the Schottky diode is reverse-biased with a typical voltage of 
5 - 10 V. Within the depletion region, many defect levels lie above the Fermi level and 
are hence unoccupied. Through applying the fill pulse (a small reverse-biased or none 
voltage) the defect levels which are now below the Fermi level are filled with 
electrons. Subsequently, after applying again the reverse-bias, the electrons from the 
defect levels that lay above the Fermi level are thermally emitted into the conduction 
band. A time constant τn can be assigned to this thermal emission, which lies in the 
magnitude of milliseconds (depending on the temperature), what is easily detectable. 

The depletion region width changes during process from zd,∞ under reverse-bias to zd 
when the fill pulse is applied. After applying the reverse-bias again, the width changes 
to zd,0 due to the additional electrons in the depletion region. After all of these have 
been thermally emitted into the conduction band, the width of the depletion region is 
again zd,∞. 

If an amount of Nt defect centers is occupied with electrons during the fill pulse, its 
density decreases after switching off the fill pulse due to the thermal emission of 
electrons. This switching off of the fill pulse is regarded as t = 0 in the following. The 
density of occupied defect centers nT at the time t is given by: 
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Defect centers can be either donor-like or acceptor-like, whether they are electrically 
neutral in the occupied and positively charged in the unoccupied state or electrically 
neutral in the unoccupied and negatively charged in the occupied state. 

During the emission process the total charge density in the depletion region increases, 
what can be expressed introducing an effective charge density within the depletion 
region Ndr. For this charge density Ndr beside the totally ionized donator atoms ND also 
the amount of ionized defect centers is regarded: 
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By replacing the doping concentration Ndop in eq. (5.5) with the expression (5.7), and 
assuming nT(t) << ND, a Taylor expansion yields for the time-dependent capacity 
transient: 
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In Fig. 5.2 a typical capacity transient after switching off the fill pulse is depicted. An 
exact measurement of this capacity transient allows for the calculation of τn (using 
eq. (5.8)), from which the emission rate of the electrons en ≡ τn

-1 can be determined. 
Using eq. (2.45), the following equation (“DLTS formula”) can be stated: 
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where Xn ≡ exp(ΔSn / kB) is the entropy factor and ΔHn the enthalpy change. The 
entropy factor Xn is not well investigated so far. However, it has been shown that for 
deep levels within silicon this entropy factor can be in the range from 5 – 100 [30, 75]. 
As can be seen from eq. (5.10), this does not affect the extraction of the energy level of 
the defect center but rather it affects the determination of the majority carrier capture 
cross section. However, the determination of the majority carrier capture cross section 
is not very reliable due to reasons explained below. 

The entropy factor Xn accounts for entropy change ΔSn due to the emission of an 
electron into the conduction band. The entropy change itself can be splitted into 
ΔSn = ΔSn,e + ΔSn,a , where ΔSn,e is the entropy change due to degeneracy of the 
electron states and ΔSn,a is the entropy change due to vibration states of the atom. The 
electron contribution is composed of the degeneracy factors g0, which describes the 
degeneracy of the unoccupied defect center, and g1, which describes the degeneracy of 
an occupied defect center [23]. The contribution of the vibration states is in general 
quite complex and not comprehensively investigated yet. However, it is assumed that it 
lies in the order of magnitude of some kB [30]. Summarizing, for the entropy factor the 
following equation holds: 
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Looking now at the temperature-dependence of the capacity transients described in 
eq. (5.9). In Fig. 5.4 simulations are depicted, showing the strong temperature-
dependence of the capacity transients. In a certain temperature region, the time 
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constant of the electron emission lies in the easily detectable millisecond range. The 
range of this temperature region is determined by the defect parameters, necessitating a 
wide temperature range to be accessed for DLTS measurements. The amplitude of the 
capacity transient ΔC is determined on the one hand by experimental settings like 
dimension of the Schottky contact and amplitude of the reverse-bias and fill pulse and 
on the other hand by material parameters like doping and defect concentration. 

 
Fig. 5.4: Capacity transients are strongly temperature-dependent. For these 

simulations, the parameters ΔHn = 0.26 eV, σn = 2×10-15 cm2 and Xn = 10 
were used. 

In order to evaluate the temperature-dependent capacity transient for extraction of the 
underlying defect parameters, the weighting function W(T) is introduced. The DLTS 
signal S(T) is calculated using the weighting function via: 
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where td denotes the begin of the weighting function and tc its duration.  

The Boxcar weighting function is the simplest, and in the beginning years of DLTS 
measurements also in hardware realizable, weighting function, which is defined as 

( ) ( ) ( ) ,12 tttttW −−−= δδ  (5.13)

where tc ≡ t2 – t1 and td ≡ t1 . While via eq. (5.12) the DLTS signal for a certain 
temperature is calculated, doing so for the whole temperature range results in the 
DLTS spectrum. In Fig. 5.5 the DLTS signal is shown for the capacity transients from 
Fig. 5.4 using the Boxcar weighting function with fixed values for t1 and t2 . The DLTS 



60 5  Deep-level transient spectroscopy 

 

signal is highest for these temperatures where the time constant of the thermal 
emission τn is in the same order of magnitude as tc . 

 
Fig. 5.5: DLTS spectrum for the capacity transients shown in Fig. 5.4. The DLTS 

signal is very small for most of the temperatures, except for those where 
the time constant of the thermal emission equals the used rate window. 

 
Fig. 5.6: DLTS spectra of a typical deep defect center (parameters see Fig. 5.4). Six 

different rate windows were evaluated featuring the Boxcar weighting 
function. The parameters are listed in Tab. 5.1. 
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Tab. 5.1: Parameters for t1 and t2 used for the different rate windows. The Boxcar 
weighting function was used. 

Rate window t1 (ms) t2 (ms) 

1 0.197 1.697 

2 0.262 2.262 

3 0.396 3.393 

4 0.524 4.524 

5 0.655 5.655 

6 1.130 11.310 

 

Subsequently, different DLTS spectra are calculated for different values of t1 and t2 . 
These different parameter sets are called rate windows. In principle arbitrary values 
can be chosen. However it can be shown that for rate windows with a constant quotient 
t2 / t1 result in the same DLTS spectrum peak height, allowing for a good 
comparability of the curves. In Fig. 5.6 six different DLTS spectra are plotted, with the 
parameters listed in Tab. 5.1 used. 

For a fixed rate window the maximum of the DLTS peak can be calculated by  
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For the Boxcar weighting function, this maximum of the DLTS signal lies at 
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For the temperature Tm where the DLTS signal is maximal follows by using eq. (5.10): 
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Taking into account the simple T3/2 dependence of NC (what does not lead to a large 
additional error) and the T1/2 dependence of vth,n , from an Arrhenius plot of 
ln(en

max / Tm
2) vs. 1000 / T the defect parameters ΔHn and σn can be extracted from the 

slope and the axis intercept of a linear interpolation, respectively. Please note that 
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accurately ln((en
max / s-1) / (Tm

2 / K2)) are plotted, but for the ease of reading the 
dimensions are omitted. 

For the amplitude of the capacity transient follows using eq. (5.9)  
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where C(t=0) is the capacity right after switching off the fill pulse, wherefrom the 
defect concentration Nt can be calculated from: 
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5.2 Practical issues 

After the theoretical background of DLTS measurements has been accessed in the last 
section, in the following practical issued of DLTS measurement are addressed.  

 
Fig. 5.7: Oscilloscope signals of the applied bias voltage and the capacity signal. 

The capacity transient was measured using a “Boonton Capacitance Meter 
7200”. The data from the first 250 µs after switching off the fill pulse have 
to be rejected due to measurement artifacts. 

With switching of the bias voltage, large capacity changes are accompanied, which can 
lead to measurement artifacts at the very beginning of the capacity transients. In Fig. 
5.7 such a capacity transient is depicted, which has been measured using a “Boonton 
Capacitance Meter 7200”. Using this measurement device, approximately the data 
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from the first 250 µs have to be rejected in order to get reliable measurement data. This 
short time relay has to be kept in mind when using the weighting functions. 

In the last section the Boxcar weighting function was introduced. In fact, since modern 
measurement systems normally acquire the whole capacity transient digitally, many 
more weighting functions are possible. Istratov et al. [76, 77] have reviewed different 
weighting functions and addressed different parameters like width of the DLTS peak, 
signal-to-noise ratio or signal height.  

 
Fig. 5.8: Overview of the most common weighting functions. (a) linear ramp, 

(b) exponential correlator, (c) shifted exponential, (d) shifted linear ramp, 
(e) sine wave, (f) rectangular lock-in, (g) rectangle function of Crowell, 
(h) rectangle function of Hodgart, (i) split sine wave, (j) double boxcar, 
(k) cosine, (l) triangular, (m) three-step function of Crowell, (n) square 
wave, (o) HiRes-3, (p) three-point function of Dmowski, (q) four-step 
function of Crowell, (r) four-point function of Dmowski,(s) HiRes-4, 
(t) HiRes-5, (u) HiRes-6, from [76]. 

For small signals, hence small defect concentrations, it turned out that the lock-in 
based weighting functions, either sine wave or rectangular lock-in, yield best results 
and are easy to implement. However, numerical simulations are required in order to 
perform the derivative of the DLTS signal, see eq. (5.14), with all but the Boxcar 
weighting function. 

Furthermore, the accuracy of the majority carrier capture cross section σM , which is 
determined from the Arrhenius fit of the DLTS measurement data, shall be addressed. 
Extraction of σM is performed by extrapolation of the DLTS fit to infinite 
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temperatures, as indicated in Fig. 5.9. Due to the fact that the DLTS measurement data 
are determined at quite low temperatures, this extraction to infinite temperatures is 
accompanied with a large uncertainty. Hence only the order of magnitude of σM can be 
determined, what should be kept in mind when interpreting the DLTS data. 

 
Fig. 5.9: Arrhenius fit to typical DLTS measurement data. The fit is extrapolated for 

infinite temperatures. Small deviations of the slope of the fit lead to large 
errors in the extracted majority carrier capture cross section.  

5.3 Measurement setup 

The DLTS measurements presented in this work were carried out at the University of 
Erlangen-Nürnberg, using a digital DLTS system FT1030 from PhysTech, and at the 
Australian National University (ANU), Canberra, with their lock-in type DLTS. 

Since the main components are the same for standard DLTS measurements, the system 
FT1030 from PhysTech is explained in the following. The schematic setup is depicted 
in Fig. 5.10. The sample on the sample stage, which is contacted using an appropriate 
needle, is located within a liquid nitrogen cooled cryostat. Evacuation is carried out 
using a turbo molecular pump. Also the temperature of the sample can be controlled. 

A computer controls the “Boonton 72B Capacitance Meter”, which acquires the 
capacity transients. In order for allowing maximal sensitive measurements, the 
capacity C0 is balanced using a servo driven rotary capacitor. The fill pulses are 
applied either using an internal voltage source or by using the external pulse generator 
“HP-81101A”. Using the digital multi meter “Keithley 2000”, the exact temperature 
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can be measured using a Pt100 temperature sensor being located inside the sample 
stage. 

 
Fig. 5.10: Schematic of the DLTS measurement system FT1030 from PhysTec, as 

used at the University of Erlangen-Nürnberg. The components are 
explained in the text. 

Fourier based weighting functions were used to calculate the DLTS spectrum from the 
measured capacitance transients. Through choosing different values for the Fourier 
coefficients an and bn , 28 different rate windows are possible for calculating the DLTS 
spectrum, from which normally more than 10 give reliable results. The easiest such 
weighting function is the sine weighting function, where the Fourier coefficient b1 = 1 
and all other coefficients equal 0: 

( ) ,2sin ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Mt
ttW π  (5.19)

with t = n t0 and tM = N t0 . t0 denotes the time interval between two data points on the 
digitized capacity transient. More details about this DLTS measurement system can 
also be found in [78]. 

 





 

 

6 Photoluminescence lifetime spectroscopy 

After the basic quasi-steady-state photoluminescence measurement setup was 
introduced in Chap. 4.4, this chapter deals with the upgrade of the 
measurement setup for allowing temperature-dependent measurements in a 
large temperature range. Not only the actual measurement setup, but also 
theoretical analysis of photon reabsorption will be covered in detail, 
allowing reliable temperature-dependent photoluminescence measurements 
using a numerical correction based on these findings. The results of the 
photon reabsorption analysis were published in [79, 80]. 

6.1 Enhancement of photoluminescence measurement setup 

In order to benefit from the advantages of the photoluminescence (PL) measurement 
technique for temperature-dependent lifetime spectroscopy, the photoluminescence 
measurement setup was expanded for allowing PL measurements at different 
temperatures. For this, a liquid nitrogen cooled cryostat was integrated into the PL 
measurement setup (see Fig. 6.1 and Fig. 6.2). This cryostat allows temperatures from 
77 K to approximately 600 K to be accessed. The sample is mounted inside the 
cryostat directly to a sapphire glass in order to have a good thermal coupling to the 
heat exchanger. The sample is illuminated using the same LED light source, beam 
splitter and monitor cell as in the room temperature measurement setup. Also the same 
detector geometry is used with the additional long-pass filter (RG1000, 3 mm thick), 
which is located opposite the light source. Due to the changed optical geometry, the 
monitor cell has to be calibrated including the cryostat setup in order to determine the 
actual generation rate within the sample. 

For accurate temperature-dependent PL measurements, the temperature-dependence of 
the quantities being involved in the evaluation of the PL signal (see eq. (4.11) and 
(4.12)) has to be known. The temperature-dependence of the equilibrium excess carrier 
density can be described using eq. (2.24) for high (intrinsic conduction) and low 
(freeze-out) temperatures, respectively. The temperature-dependence of the reflections 
Rf, the calibration constant Ai and of the coefficient of the radiative recombination 
B(T,n,p) will be investigated in detail in the next sections. 
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Fig. 6.1: Schematic of the temperature-dependent photoluminescence lifetime 

measurement setup. The LED light source (λ = 810 nm) illuminates the 
sample from the front and generates excess carriers within the sample. 
Some of these carriers recombine radiatively, hence emitting 
photoluminescence photons. These photons are detected from the rear of 
the sample using an appropriate photodetector. The sample is mounted 
within a liquid nitrogen cooled cryostat in order to access temperatures 
from 77 to 600 K. The generation rate is monitored independently using a 
calibrated external monitor cell. 

 
Fig. 6.2: Photograph of the experimental setup of the cryostat being integrated into 

the PL measurement system. 
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6.2 Temperature-dependent reflections 

Based on the reflections on the front side of the investigated sample, the actual 
generation rate within the sample is calculated (see eq. (4.13)). In order to determine 
the temperature-dependence of these reflections, measurements using a Varian Cary 
5000 UV-Vis-NIR spectrophotometer have been carried out. With this measurement 
setup, the wavelength-dependent reflections of various samples can be determined with 
high accuracy. 

An intentionally titanium-contaminated silicon sample (see Chap. 8) was chosen for 
these investigations. The sample has a resistivity of 8.5 Ω cm, a thickness of 600 µm 
and is passivated using 70 nm of PECVD SiNx [81]. 

A liquid nitrogen cooled cryostat was used in order to access different sample 
temperatures during the reflection measurements. Due to the fact that not only the 
reflections of the sample but also of the cryostat itself are measured, highly accurate 
room-temperature measurements of a black cardboard and the investigated sample 
were carried out first. Afterwards these measurements were repeated with the black 
cardboard and the investigated sample being mounted within the cryostat, allowing for 
a correct calibration of the measured reflectance signal. This calibration was used 
subsequently for the temperature-dependent measurements of the reflection. 

 
Fig. 6.3: Temperature-dependent reflection measurement for a titanium-

contaminated p-type silicon sample using a Varian Cary 5000 UV-Vis-NIR 
spectrophotometer. Between 970 nm and 1260 nm the temperature-
dependence of the reflections due to the changing absorption coefficient in 
silicon are visible, while the reflections in the other wavelength ranges stay 
nearly constant. 
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As can be seen from Fig. 6.3, the reflections at the wavelength of the LED light source 
used for illumination in photoluminescence measurements (λ = 810 nm) do not change 
at all. Only between 970 nm and 1260 nm, large temperature-dependent variations in 
the reflectivity of the silicon sample are visible, which is related to the strong 
temperature- and wavelength dependence of the absorption coefficient α in silicon (see 
also Chap. 6.3 and especially Fig. 6.5). 

6.3 Temperature-dependent photon reabsorption 

Photoluminescence photons, generated via radiative recombination of electron-hole 
pairs and used for the calculation of the effective carrier lifetime, can be reabsorbed 
within the silicon sample before they can be detected using an external sensor (see also 
Fig. 6.4). Depending on the path length within the silicon sample and the temperature, 
the fraction of the reabsorbed photons changes significantly. 

 
Fig. 6.4: Electron hole pairs, which are generated using an external light source, 

recombine radiatively, hence emitting photoluminescence light. Due to 
photon reabsorption the intensity and the spectrum changes the longer the 
optical path is within the sample. Also a strong temperature-dependence of 
this photon reabsorption is expected due to the changing absorption 
coefficient in silicon. 

Previous theoretical work [82] has shown that the influence of photon reabsorption on 
quasi-steady-state photoluminescence (QSS-PL) measurements on silicon samples at 
room temperature (300 K) can be neglected in many practical cases for sample 
thicknesses commonly used, which means thinner than 300 µm. However, at elevated 
temperatures or for thicker samples, the absorption coefficient takes on larger values 
resulting in a larger influence of photon reabsorption and potentially leading to 
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significant experimental errors [80]. In order to get reliable data for the measured 
injection-level-dependent effective carrier lifetime and to accurately fit defect 
parameters in advanced lifetime spectroscopy methods, photon reabsorption must 
therefore be taken into account quantitatively. 

6.3.1 Generalized Planck radiation law 

The direct recombination rate per photon energy interval of photons with energy ħω 
into the solid angle Ω can we written as [83] 

( ) ( ) ,dd,d ΩpnBΩuradiative ωωω hhh =  (6.1)

where n and p are the electron densities in the conduction band and hole densities in 
the valence band, respectively, and B(ħω) is the coefficient of radiative recombination. 
In thermal and chemical equilibrium between electrons and holes, in which the 
emission rate is balanced by the absorption rate and the intrinsic carrier density can be 
written as ni

2 = n p, follows for the radiative recombination rate uradiative
0: 
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where α(ħω) denotes the absorption coefficient, c0 the speed of light in the vacuum of 
free space, nSi the refractive index and Dγ(ħω) is the density of states for the photons 
[84], which can be written as 
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If the equilibrium is distorted (ni
2 ≠ n p), the electrons and holes have different Fermi 

energy levels εF,e and εF,h. Under these conditions, eq. (6.2) can be generalized in order 
to include the luminescence radiation, if caused by direct transitions [85, 86] 
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Würfel et al. [87] were able to show that the limitation to direct transitions is not 
needed, hence generalizing eq. (6.4) for the case of indirect and direct transitions, 
which is also known as the generalized Planck’s equation. This expression has been 
verified experimentally for direct [88] and indirect [89, 90] semiconductors. 

If the separation of the quasi Fermi levels η ≡ εF,e – εF,h is a few kB T smaller than the 
photon energy ħω (non-degenerate occupation of the bands), which is the case for 
photoluminescence light from near the band gap, eq. (6.4) simplifies to 
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Since the spontaneous emission of the photons is uniformly distributed into all solid 
angles, this integration can be accounted for by the factor 4 π, simplifying eq. (6.5) to 
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with C = nSi
2 / (c0

2 π2 ħ3). Together with eq. (6.1) and the identity 
n p = ni

2 exp(η / kB T), the coefficient of the radiative recombination B(ħω) can be 
written as  
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Eq. (6.6) and (6.7) can be rewritten in terms of the wavelength λ using the identity 
ħ ω = h c / λ: 
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6.3.2 Emitted photon flux 

Knowing the spectral dependence of the radiative recombination within the silicon 
sample, the emitted photon flux djradiative(ħω) of a sample can be calculated. Since the 
optical properties of a planar and a textured sample differ, these two cases have to be 
treated separately.  

In the case of a planar surface, assuming that 

• a fraction of 1/nSi
2 of photons can escape the sample at each encounter with 

the surface [91], 

• the internal reflectance at each interface of the wafer for light within the 
escape cone is zero, which means that no photon emission after multiple 
reflections occurs, 

• photon reabsorption on an optical path length z is taken into account by an 
exponential reabsorption term, 

the emitted photon flux from a volume element at a distance z for a planar sample 
accounts to 
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with nSi being the refractive index of silicon (nSi = 3.6, assumed being independent of 
the photon energy ħω). Due to the fact that the angle of internal total reflection in 
silicon is approximately  

( ) ,16/arcsin °≈= SiairC nnθ  (6.11)

the optical path length z can be identified in good approximation with the shortest way 
from the considered volume element to the surface. 

In a textured sample this emission of photoluminescence light cannot be described 
analytically any more, firstly due to the fact that the exit cone changes the averaged 
optical path length changes, what increases the reabsorption probability. Secondly light 
that is totally internally reflected can escape at a subsequent encounter with the 
surface. Assuming 

• sample thickness w, 

• totally randomizing surfaces (Lambertian surfaces), 
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• a fraction of 1/nSi
2 of photons can escape the sample at each encounter with 

the surface [91], 

• for the totally reflected photons the averaged path length accounts to 4d until 
they reach the same surface again [92], 

the photon flux escaping at the rear of a textured sample from a volume element at a 
distance z from the rear surface can be summarized as 
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Eq. (6.10) and (6.12) describe the contribution of a specific volume element being 
located at a distance z from the rear surface to the emitted spectrum. In order to 
calculate the spectrum that is actually emitted by a planar and textured sample, 
respectively, eq. (6.10) and (6.12) have to be integrated over the thickness of the 
sample d: 

( ) ( ) .dd,dd
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radiativeradiative
 (6.13)

The total measurable current Isensor from the PL sensor can subsequently be calculated 
by integration of the spectral emitted photon flux djradiative(ħω) (eq. (6.13)) over all 
emitted wavelength, weighted by the sensitivity of the PL detector Φ(ħω). This 
sensitivity Φ(ħω) contains the quantum efficiency of the used detector, but also other 
optical factors like the transitivity of used filters: 

( ) ( ) .dd
0

ωωφω hhh∫
∞

= radiativesensor jqI  (6.14)
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6.3.3 Absorption coefficient 

In order to calculate the quantitative effects of the temperature-dependent photon 
reabsorption (according to eq. (6.14)), reliable data for the temperature- and 
wavelength-dependent absorption coefficient in silicon α(ħω,T) are needed. 

Due to the fact that for wavelengths λ ≤ 1050 nm (ħω ≥ 1.079 eV) one-phonon 
processes dominate the absorption in silicon over multi-phonon processes, a theoretical 
model [93] for the absorption coefficient gives good agreement with experimental data 
over a wide temperature range: 
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The index i summarizes phonons 1 and 2 and the index j summarizes the two indirect 
band gaps in silicon. The constants are explained in the following Tab. 6.1. 

Tab. 6.1: Constants and their values used in eq. (6.15), see also Fig. 2.1. 

Constant Explanation Value 

EG,1 Indirect band gap at T = 0 K 1.16 eV 

EG,2 Indirect band gap at T = 0 K 2.25 eV 

EG,d Direct band gap at T = 0 K 3.2 eV 

EΓ,1 / kB Characteristic phonon temperature 212 K 

EΓ,2 / kB Characteristic phonon temperature 670 K 

C1 Coefficient 5.5 

C2 Coefficient 4.0 

A1 Empirical coefficient 253 cm-1eV-2 

A2 Empirical coefficient 3312 cm-1eV-2 

Ad Empirical coefficient 2.3×107 cm-1eV-1/2 
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However, since the model only includes one-phonon processes for optical band-to-
band transitions, the theory does not fit to the experimental data at longer wavelengths 
(λ > 1050 nm), where α is ascertained by multi-phonon processes and where the 
spontaneous emission is still significant. 

Experimental data for the absorption coefficient were therefore used, where available. 
At temperatures T = 77, 112, 170, 195, and 249 K absorption coefficient data 
determined from photoluminescence measurements were used [17]. For 195 and 249 K 
these data were extended for wavelength λ < 990 nm using eq. (6.15). At room 
temperature the absorption coefficient data from [94] were used. For the calculations at 
elevated temperatures T = 363, 415 and 473 K experimental data measured by [95] 
were used. In the spectral range λ > 1200 nm, where no experimental data were 
available, the room temperature data from [94] were extended to other temperatures by 
an extrapolation formula [96]: 
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with α(λ,T0) being the absorption coefficients at T = 300 K and cα(λ) being normalized 
temperature coefficients [96], which are listed in Tab. 6.2. This relationship 
extrapolates the absorption coefficient from experimental absorption coefficient data to 
other temperatures and agrees well with experimental data in the temperature range of 
200 – 500 K. Above a temperature of 473 K no experimental data were available, 
hence necessitating the use of eq. (6.16) for this temperature range. 

The data used throughout this work for the absorption coefficient α(λ,T) are 
summarized in Tab. 6.3 and plotted in Fig. 6.5. 
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Tab. 6.2: Normalized temperature coefficients cα(λ), from [96]. 

λ 
(nm) 

cα(λ) 
(10–4 K–1) 

λ 
(nm) 

cα(λ) 
(10–4 K–1)

λ 
(nm) 

cα(λ) 
(10–4 K–1)

λ 
(nm) 

cα(λ) 
(10–4 K–1)

250 -0.9 550 33 850 46 1150 210 
260 -1.5 560 34 860 47 1160 230 
270 -3.1 570 34 870 49 1170 260 
280 -3.3 580 34 880 51 1180 320 
290 -0.8 590 34 890 52 1190 345 
300 2.5 600 34 900 54 1200 355 
310 3.2 610 35 910 56 1210 380 
320 1.5 620 35 920 57 1220 390 
330 0.7 630 35 930 59 1230 405 
340 0.3 640 35 940 62 1240 410 
350 0.0 650 35 950 65 1250 430 
360 -1.4 660 35 960 69 1260 440 
370 4.2 670 36 970 73 1270 455 
380 9.1 680 36 980 78 1280 470 
390 26 690 36 990 83 1290 500 
400 33 700 37 1000 90 1300 525 
410 31 710 37 1010 97 1310 550 
420 29 720 37 1020 105 1320 580 
430 29 730 37 1030 112 1330 610 
440 28 740 37 1040 120 1340 650 
450 28 750 37 1050 135 1350 670 
460 29 760 37 1060 145 1360 675 
470 29 770 37 1070 155 1370 680 
480 30 780 37 1080 160 1380 685 
490 30 790 38 1090 165 1390 690 
500 31 800 40 1100 175 1400 700 
510 31 810 41 1110 180 1410 710 
520 32 820 42 1120 185 1420 720 
530 33 830 44 1130 190 1430 730 
540 33 840 45 1140 200 1440 740 

      1450 750 
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Tab. 6.3: References for the experimental data for the absorption coefficient α(ħω,T) 
used for the simulations of the photon reabsorption throughout this work. 
Some experimental data had to be expanded using appropriate theoretical 
models, as indicated by the comments.  

Temperature 
[K] 

Reference Comment 

77, 90, 112, 170 Trupke et al. [17]  

195, 249 Trupke et al. [17] 
Expanded using eq. (6.15) 
for λ < 990 nm 

300 Keevers, Green [94]  

363 
Weakliem, 

Redfield 
[95] 

Extrapolated using eq. (6.16) 
for λ > 1200 nm 

415, 473 
Weakliem, 

Redfield 
[95] 

Extrapolated using eq. (6.16) 
for λ > 1240 nm 

 

 
Fig. 6.5: Data used for the temperature- and wavelength-dependent absorption 

coefficient α(λ,T) in silicon. Detailed references and expansion formulas 
used are summarized in Tab. 6.3. 
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6.3.4 Emitted photoluminescence spectrum 

Due to the fact that the photoluminescence photon reabsorption probability depends on 
the  

• temperature,  

• wavelength of the PL photon and  

• path length within the sample,  

these parameters were varied in order to calculate the spectrum that escapes the sample 
from a certain volume element located at a depth z at a certain temperature T. The 
numerical calculations were carried out using the commercially available program 
MATLAB. In order to calculate the depth- and temperature-dependent escaping PL 
spectrum, eq. (6.10) and (6.12), respectively, were evaluated using the parameters 
summarized in the previous section for the absorption coefficient in silicon. Since only 
planar samples are investigated throughout this work, the following visualizations and 
explanations are limited to these. However, the influence for PL measurements, being 
analyzed in the following section, using different detector systems will cover planar 
and textured samples. 

In Fig. 6.6, Fig. 6.7 and Fig. 6.8 the simulated depth-dependent spectra are shown for 
temperatures T = 195, 300 and 415 K, respectively. At T = 195 K the spectrum does 
not depend on the originating depth of the PL photons at all, which changes 
significantly for more elevated temperatures. At higher temperatures the spectra 
originating from deep within the silicon sample have a reduced intensity at shorter 
wavelength compared to the spectra originating from near the surface. In addition the 
overall shape of the spectra is broadened due to multi-phonon processes.  

Depending on the spectral sensitivity Φ(ħω) (cf. eq. (6.14)), the influence on the 
actually measured PL signal is diverse. Since this influence is the quantity needed in 
order to enable highly reliable PL measurement results, different detector systems are 
investigated in the following. In detail, detector systems consisting of a 

• Silicon sensor,  

• Silicon sensor with additional 3 mm thick RG1000 long-pass filter, 

• Germanium sensor, and 

• Germanium sensor with additional 3 mm thick RG1000 long-pass filter 
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have been investigated. For all components, measured spectral responses and 
transmissions, respectively, were used, which are shown in Fig. 6.9. 

 
Fig. 6.6: Emitted photoluminescence spectra of a silicon sample at a temperature of 

195 K. The spectra were simulated using eq. (6.10). Shown are the spectra 
that are emitted from a planar wafer surface for varying optical path 
lengths (z) within the silicon sample.  

 
Fig. 6.7: Emitted photoluminescence spectra of a silicon sample at a temperature of 

300 K. The spectra were simulated using eq. (6.10). Shown are the spectra 
that are emitted from a planar wafer surface for varying optical path 
lengths (z) within the silicon sample.  
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Fig. 6.8: Emitted photoluminescence spectra of a silicon sample at a temperature of 

415 K. The spectra were simulated using eq. (6.10). Shown are the spectra 
that are emitted from a planar wafer surface for varying optical path 
lengths (z) within the silicon sample.. 

 
Fig. 6.9: External quantum efficiencies (normalized) of the silicon and germanium 

detector systems which were used for the simulations of the measureable 
photon flux. In addition, the emitted PL spectra for an originating depth 
z = 0 µm and z = 300 µm are included for a temperature of 415 K. 

Due to the lower band gap of the germanium detector, this system detects the complete 
PL spectrum which is emitted from the sample. If this germanium detector is 
accompanied by a 1000 nm long-pass filter, the sensitivity for the lower wavelength is 
reduced, decreasing also the sensitivity to the depth-dependence of the PL light. 



82 6  Photoluminescence lifetime spectroscopy 

 

However, since the germanium detector is also sensitive above the wavelength of the 
silicon band gap, luminescence light from possible transitions into a defect level would 
also be detected, hence necessitating additional filters which suppress these long-
wavelength photons.  

Due to the fact that a silicon based sensor is not sensitive to these defect transitions at 
all, this kind of sensor is easier to use for PL based lifetime measurements. However, 
since the sensitivity of a silicon sensor decreases above a wavelength of λ = 1000 nm, 
it especially detects the wavelength range where the temperature-dependent change in 
the PL spectrum is most severe. This results in a larger depth-dependence of the 
measured PL intensity. 

This different behavior for the detector systems has been quantitatively calculated 
using numerical simulations. Used were the temperature-dependent PL spectra as 
calculated above. In Fig. 6.10 (planar sample) and Fig. 6.11 (textured sample) the 
results are exemplarily shown for a PL spectrum originating from z = 300 µm below 
the surface. The data are normalized to the amount of photons that would be detected 
without taking reabsorption effects into account, which means from an originating 
depth z = 0 µm. 

 
Fig. 6.10: Fraction of photons spontaneously emitted by a planar silicon wafer that 

are detected from an originating depth of z = 300 µm with various detector 
systems. The data are normalized to the amount of photons that would 
have been detected without taking reabsorption effects into account, which 
means from an originating depth z = 0 µm. 
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Fig. 6.11: Fraction of photons spontaneously emitted by a textured silicon wafer that 

are detected from an originating depth of z = 300 µm with various detector 
systems. The data are normalized to the amount of photons that would 
have been detected without taking reabsorption effects into account, which 
means from an originating depth z = 0 µm. 

6.3.5 Correction method for the photoluminescence calibration 

In the actual photoluminescence measurement system, the detector cannot decide from 
which depth the actual PL light is originating from. The detector measures rather the 
PL intensity integrated over the sample thickness, as indicated in eq. (6.14). The 
photons originating from deep within the sample are heavily affected by photon 
reabsorption while the photons originating from near the surface are not. Furthermore, 
since the electron-hole pairs are generated within the first few µm of the sample (the 
wavelength of the LED light source λ = 810 nm corresponds to an absorption depth of 
approximately 13 µm within silicon), the carrier distribution (and hence the 
distribution of the PL light generation sites) is dependent on the excess carrier 
diffusion length Leff, which in turn is related to the effective lifetime τeff via 

,effeff DL τ=  (6.17)

where D denotes the diffusivity of the minority carriers. 

Varying the effective carrier lifetime and the temperature, the fraction of generated PL 
photons that are detected can be calculated using the above findings. This has to be 
done for a specific detector setup and also for a specific sample, since these 
calculations depend strongly on the surface and the thickness of the sample.  
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A correction factor ξi(T,τ) is defined as the inverse of the detected photon flux, being 
normalized to the detected photon flux at 77 K and long effective lifetimes. Such a 
calculation of a carrier lifetime and temperature dependent correction factor ξi(T,τ) is 
shown in Fig. 6.12 for a 600 µm thick silicon sample with planar surfaces. 

 
Fig. 6.12: Calculated temperature- and carrier lifetime dependent correction factors 

ξi(T,τ) for a 600 µm thick titanium-contaminated silicon sample being 
investigated in Chap. 8. 

The calibration of the PL signal, as described in Chap. 4.4.2, is carried out for a certain 
temperature T0 (normally room temperature) and a certain carrier distribution within 
the sample, which corresponds to a fixed excitation wavelength and effective carrier 
lifetime τ0: 

( ) ., 00 τTAA calibrated
ii =  (6.18)

This calibration constant accounts for a certain fraction of the generated PL photons 
which are being reabsorbed. In order to extend the validity of this calibration to other 
carrier lifetimes and temperatures, the above defined correction factor ξi(T,τ) is 
included in the calibration formula, resulting in a corrected calibration factor 
Ai

corrected(T,τ), which is valid for the whole accessible temperature range and for all 
excess carrier lifetimes. 
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The intensity of the photoluminescence signal can be rewritten as 
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6.4 Coefficient of radiative recombination 

The temperature- and injection-dependence of the coefficient of radiative 
recombination in crystalline silicon is essential for a correct evaluation of the 
photoluminescence signals. Based on the above in-depth analysis of the radiative 
recombination process, the temperature-dependence of the radiative recombination 
coefficient can be carried out. The so obtained values will be compared with literature 
data. Also the injection-dependence of this coefficient will be covered. Additionally a 
method for measuring the coefficient of radiative recombination, based on the self-
consistent calibration method for the photoluminescence signal, will be presented. 

6.4.1 Temperature-dependence 

Based on the energy-dependent expression (eq. (6.7)), the coefficient for the radiative 
recombination in crystalline silicon under low-level injection can be calculated by 
integrating over the whole energy range: 
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For the temperature-dependence of the intrinsic carrier density ni(T) please see 
Chap. 2.1 and eq. (2.16). The temperature-dependence of the refractive index nSi(ħω,T) 
can be parameterized in the investigated temperature and energy range as [17]: 
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 (6.22)

The resulting values of BLLI(T) are plotted in Fig. 6.13 as blue stars [17]. Additionally 
plotted are values published by [97-100]. While the values of BLLI(T) from [17] and 
[101] increase for decreasing temperature, the ones from [98] and [99] decrease. Due 
to these significant differences, these data are reviewed in the following. 
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Fig. 6.13: Comparison of literature data for the radiative recombination coefficient 

B(T). Stars: Trupke et al. (Ref. [17]), Full circles: Schlangenotto et al. 
(Ref. [97]); Open circles: Varshni (Ref. [98]); Open squares: Michaelis et 
al. (Ref. [99]); Diamond: Ruff et al. (Ref. [100]) (altered from [17]). 

Michaelis et al. [99] and Varshni [98] determined BLLI based on eq. (6.21). Michaelis 
used experimental data from [13] for the absorption coefficient α, while Varshni used 
a theoretical model. The experimental values for α were not available in the whole 
energy range needed for an accurate calculation of BLLI. Also the theoretical model of 
Varshni was too simplistic, not accounting for multi-phonon transitions. Moreover, 
both used a model for the intrinsic carrier density ni , which turned out to be wrong. 
Since ni enters eq. (6.21) squared, the large discrepancy (and also the contrary 
temperature-dependence) between the data of Michaelis, Varshni and Trupke [17] can 
be explained. The fact that both Michaelis and Varshni used the same (wrong) data for 
ni, the good agreement between their data can be explained. 

In agreement with the data published by Schlangenotto et al. [97], Trupke found an 
increasing BLLI with decreasing temperature. However, a factor of two to four 
discrepancies can be found between the data of Schlangenotto and Trupke. Trupke [17] 
explains this with a non-perfect sample preparation of Schlangenotto’s samples, which 
could easily lead to these discrepancies. 

Summarizing the literature data available for the coefficient of the radiative 
recombination BLLI(T), the data from Trupke [17] seem to be most trustworthy being 
based on reliable data for the absorption coefficient α(ħω,T), although the uncertainty 
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for the intrinsic carrier density ni should be kept in mind, which enters the calculation 
of BLLI(T) squared. 

6.4.2 Injection-dependence 

The radiative recombination is enhanced by the Coulomb attraction between electrons 
and holes in crystalline silicon. However, this is weakened at high carrier densities due 
to a screening effect. This screening depends on both, temperature [97] and injection 
level [102]. In [60] the experimental data of [97] were analyzed and subsequently 
fitted using an advanced model. The screening effect was included using a Debye 
potential. Several quantum-mechanical approximations were made in this evaluation, 
resulting in a parameterization of the normalized coefficient of the radiative 
recombination B / BLLI, which is shown in eq. (6.23). In Fig. 6.14 the original 
experimental data and the modeled data are shown.  

The absolute value for B(T,n,p) can be calculated by multiplying the normalized 
injection-dependent B/BLLI(n,p,T) with the temperature-dependent low-level injection 
level value for BLLI(T). 
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Parameters determined by non-linear regression are bmax = 1.00, b2 = 0.54, b4 = 1.25, 
rmax = 0.20, rmin = 0.00, r1 = 320, r2 = 2.50, smax = 1.5×1018, smin = 1.0×107, s1 = 550, 
s2 = 3.00, wmax = 4.0×1018, wmin = 1.0×109, w1 = 365, w2 = 3.54. 
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Fig. 6.14: The scaled radiative recombination coefficient B/BLLI for an undoped 

sample with n = p at various temperatures. BLLI is obtained at very low 
carrier densities. Symbols: measurements (Ref. [97]); lines: calculations 
(Ref. [60]) (altered from [60]). 

6.4.3 Determination using temperature-dependent photoluminescence 

Based on the self-consistent calibration method described in Chap. 4.4.2, a method for 
determining the temperature-dependent coefficient of radiative recombination in 
silicon will be presented in the following. 

Under low-level injection, the PL measurement signal can be described as 
(cf. eq. (6.20)): 

( ) ( ) ( )
( )

( )
( ) ( ) ( ) ( ) .

,
,, 0

000

00 tptnTB
TB
TB

T
TATtI LLI

LLI

LLI

i

calibrated
i

i
LLI
PL τξ

ττξ=  (6.24)

When measuring at a temperature T = T0 (normally room temperature), the calibration 
constant Ai

calibrated(T0,τ0) can be determined using the self-consistent calibration method 
described in Chap. 4.4.2, if a literature value for BLLI(T0) is used. Performing 
subsequent measurements at different temperatures, the ratio BLLI(T) / BLLI(T0) can be 
determined using again the self-consistent calibration method.  

For the actual measurements, a high-lifetime 10 Ω cm n-type FZ silicon sample, being 
250 µm thick, was mounted inside a liquid nitrogen cooled cryostat. Passivation of the 
surfaces was performed using a 10 nm thick layer of thermally grown SiO2 (deposited 
at 840°C) beneath a 70 nm thick layer of PECVD SiNx (deposited at 350°C). In order 
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to get a maximum passivation effect, a thermal treatment at 350°C (15 min) and 425°C 
(15 min) was carried out afterwards. The self-consistent calibration was performed at 
temperatures varying from approximately 77 K to 600 K. At room temperature, a value 
BLLI(T0) = 4.73×10-15 cm3s-1 from [17] was used. The photon reabsorption was 
accounted for by using a calculated correction matrix ξi(T,τ), as described in 
Chap. 6.3.5. Since for some temperatures no experimental data for the absorption 
coefficient in silicon α(ħω,T) were available, the extrapolation formula eq. (6.16) was 
used for these temperatures. The resulting data are shown in Fig. 6.15 together with the 
data from literature reviewed before.  

 
Fig. 6.15: Experimental data for the low-level injection coefficient of radiative 

recombination in silicon. The data determined within this work are 
compared with data from literature. For some temperatures no 
experimental data for the absorption coefficient in silicon were available, 
necessitating the use of the extrapolation formula eq. (6.16). These data 
are shown in open symbols. 

At low temperatures a discrepancy compared to the data of Trupke is visible, although 
being much smaller compared to the data of Schlangenotto. At higher temperatures 
above 473 K no reliable data for the absorption coefficient in silicon were available, 
rendering these less reliable. 

The discrepancy compared to the data of Trupke, although both being based on the 
same data for the absorption coefficient in silicon, could be related to two issues. 
Firstly, the method presented here does not rely on accurate data for the temperature-
dependence of the intrinsic carrier concentration ni , which enter in the evaluation of 
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the data of Trupke squared. Secondly, a temperature-dependence of the sensitivity of 
the used silicon sensor could affect the measurements presented here, which could also 
lead to the increase of BLLI(T) at temperatures above 500 K. Since the cryostat is 
directly mounted to the detector system, the thermal radiation from the sample could 
easily influence the detector. 

Nevertheless, due to the fact that for actual temperature-dependent lifetime 
measurements using the photoluminescence measurement setup the same temperature-
dependence of the used sensor is expected, it is reasonable to use the data presented 
here for the temperature-dependence of the radiative recombination coefficient. In 
order to check for this temperature-dependence of the used silicon sensor, a thermal 
monitor element should be integrated into the detector system. 

 

 



 

 

7 Manganese in p-type silicon 

In this chapter the electrical properties of manganese in boron doped p-type 
silicon are investigated. Two different defect configurations of manganese 
are found, interstitial manganese and manganese-boron pairs. In addition, 
the association time constant of manganese-boron pairs is analyzed. The 
results were published in [103-106]. 

7.1 Electrical properties of manganese in silicon 

Manganese (Mn) forms part of the 3d transition metals and is located between 
chromium and iron in the periodic table. The solubility and diffusivity of manganese 
atoms within the silicon crystal lattice is relatively high and quite similar to iron [107] 
in the temperature range of 300 − 1500 K that is relevant for most silicon device 
processing steps, e.g. solar cell processing. 

If impurity atoms are introduced into the silicon crystal, they can in general take up 
interstitial or substitutional places, as well as forming pairs, clusters or precipitates 
with each other or different atoms that are present in the crystal. As discovered very 
early, manganese exists in silicon in a stable interstitial form (Mni) as well as 
substitutionally (Mns) [108, 109]. In addition it is known that manganese forms donor-
acceptor-pairs with boron, aluminum, gallium, tin and gold [107]. Pairing with further 
metals has not been observed yet, but cannot be excluded either. A particularity of 
manganese is the formation of Mn4 clusters consisting of four interstitial Mn atoms 
[107]. 

The structure, charge states and energy levels of Mn-related centers in silicon have 
been investigated in several studies since the 1950s. The energy levels and majority 
capture cross sections of interstitial manganese (Mni) are quite well-established and the 
number of works thereto satisfactorily summarized by Graff [107] who presents a 
weighted average for the defect parameters (see Tab. 7.1) Additional information can 
also be found in [110, 111]. Mni occurs in four different charge states, leading to three 
energy levels in the band gap, an acceptor level at EC − 0.12 eV, a donor level at 
EC − 0.43 eV and a double donor level at EV + 0.27 eV. Beside the energy depth also 
values for the majority carrier capture cross sections are given, while values for the 
minority carrier capture cross section are not available. 
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Tab. 7.1: Reported energy levels and majority carrier capture cross sections for 
interstitial manganese (Mni). The values summarized by Graff are average 
values from various deep-level transient spectroscopy (DLTS) 
measurements. 

Investigated defect: Interstitial manganese (Mni) in silicon 

Reference 
Defect energy level Et 

(eV) 
Majority carrier capture 

cross section σ (cm2) 

Graff [107] EC − 0.12 3.1×10-15 

 EC − 0.43 3.1×10-15 

 EV + 0.27 6.5×10-18 

 

For the second defect configuration of manganese, namely the manganese-boron-pairs, 
publications concerning its defect parameters are less numerous [110, 112-114]. These 
investigations agree that MnB introduces one single deep donor level in the silicon 
band gap, with reported values ranging from EC − 0.50 eV to EC − 0.57 eV (see Tab. 
7.1). 

Tab. 7.2: Reported energy levels and majority carrier capture cross sections for 
manganese-boron (MnB) pairs. The data have been evaluated mainly by 
means of deep-level transient spectroscopy (DLTS). 

Investigated defect: Manganese-boron (MnB) pairs in silicon 

Reference 
Defect energy level Et 

(eV) 
Majority carrier capture 

cross section σ (cm2) 

Lemke [113] EC − 0.55 9.0×10-14 

Nakashima et al. [110] EC − 0.50  

 

Finally, there are a few quantitative studies about the defect parameters of 
substitutional manganese in silicon [110, 115-117], indicating that Mns exists in three 
charge states, leading to an acceptor in the upper band gap half and a donor level in the 
lower band gap half.  
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In summary it can be said that manganese shows a far more complex defect structure 
than iron or chromium for instance which do not normally exist in substitutional form 
and also only exhibit one single interstitial energy level in the silicon band gap. A 
consequence of these additional energy levels for Mn is that it is difficult to state a 
priori which level dominates recombination, as the populations of the various charge 
states will depend on the Fermi level, i.e. on doping type, concentration and 
temperature. 

7.2 Sample preparation 

The silicon wafers used in this study were float-zone grown with a surface orientation 
of <100>. The samples were boron-doped with resistivities of either 1 Ω cm 
(NA = 1.5×1016 cm-3, 460 µm thick), 20 Ω cm (NA = 6.8×1014 cm-3, 500 µm thick) or 
40 Ω cm (NA = 3.4×1014 cm-3, 200 µm thick). The samples were prepared at the 
Australian National University (ANU), Canberra, Australia, in cooperation with 
D. Macdonald. 

Prior to Mn implantation, the wafers were etched in a HF/HNO3 solution to remove 
surface damage, and afterwards RCA cleaned. Samples of each resistivity were then 
implanted with MnO– ions at an energy of 70 keV to a dose of 5×1010 cm-2 and 
5×1011 cm-2 on one side. The MnO– ions were extracted using a cesium (Cs) ion source 
from a copper (Cu) cathode housing containing a pressed mixture of MnO2 and silver 
(Ag) powders (approximately 8:1 by volume). The implantations were performed 
through a silicon aperture with dimensions of 30 × 30 mm2, giving an implanted region 
of a sufficiently large area for subsequent measurements. 

Following further surface cleaning and native oxide removal, the samples were 
annealed in a clean quartz-tube furnace in N2 gas at 900°C for 100 min to distribute the 
implanted Mn throughout the samples, followed by rapid cooling in air to room 
temperature. Interstitial Mn has a diffusivity of approximately 1.5×10-6 cm2 s-1 at 
900°C [107], resulting in a diffusion length of 930 µm for these annealing conditions, 
significantly greater than the wafer thickness. In the absence of precipitation, this 
should result in an approximately uniform distribution of Mn throughout the thickness 
of the wafers, with equivalent volume concentrations of approximately 1.0×1012 cm-3 
and 1.0×1013 cm-3 for the 1 Ω cm and the 20 Ω cm samples and 2.5×1012 cm-3 and 
2.5×1013 cm-3 for the 40 Ω cm sample, respectively. Note that the solid solubility limit 
of interstitial Mn at 900°C is approximately 6×1013 cm-3 [107]. This is above the 
targeted volume concentrations, meaning that precipitation should be avoided indeed. 
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Note also that any lifetime-reducing crystal damage caused by the low doses and 
energy used here have previously been shown to be effectively removed during such 
annealing [118]. This allows us to attribute any reduction in carrier lifetime after 
annealing to the presence of the implanted atoms themselves. Although at 900°C the 
majority of the Mn is likely to be in interstitial form, it is possible that during cooling 
some of this Mn moves to substitutional sites, as some studies indicate that 
substitutional Mn has a higher solubility at temperatures near 700°C [119]. 

Following annealing, the samples were again etched and cleaned, and then received 
70 nm thick plasma-enhanced chemical vapor deposited (PECVD) silicon nitride films 
on each surface. These films passivate the surfaces for sensitive measurement of the 
bulk lifetime. 

It was necessary to implant MnO– ions due to the very low yield of Mn ions. It is 
assumed that the MnO molecules break up upon implantation. This results in separated 
Mn and O atoms in the thin implanted sub-surface region, which are then distributed 
throughout the wafer thickness by the annealing. Considering that the average O 
concentration after annealing corresponding to the doses used here is much less than 
the natural oxygen concentration in this material, the implanted O atoms are not 
expected to significantly affect the subsequent lifetime measurements. In the next 
section it will be shown that the co-implantation of O had no serious effect on the 
measured bulk lifetime for the p-type samples analyzed here (see also [103, 104]). For 
this, some samples were intentionally implanted with oxygen ions O− with a dose of 
5×1011 cm-2 and afterwards treated in the same manner as the manganese implanted 
samples. 

In addition, control samples that received no implantation were co-processed. These 
allow the effect of other recombination channels, such as imperfect surface 
passivation, furnace contamination and native defects or impurities in the starting 
material, to be assessed. 

7.3 Experimental results 

7.3.1 Initial quasi-steady-state photoconductance (QSS-PC) measurements 

First of all, quasi-steady-state photoconductance measurements (QSS-PC) (see 
Chap. 4.2) were carried out for all prepared samples. In Fig. 7.1 the measured effective 
lifetime of the excess carriers is evaluated for an injection density of η = 0.1×NA for 
the various samples. 
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Indeed, the implantation of oxygen ions (O−) alone had no severe impact on the 
effective carrier lifetime, as can be seen from the very small deviation of the effective 
lifetime compared with the control samples. As expected the effect of the manganese 
(Mn) implantation on the effective carrier lifetime is more severe for the higher 
implantation dose.  

Based on these findings, the 1 Ω cm and 40 Ω cm samples with a high Mn 
implantation dose were chosen for subsequent deep-level transient spectroscopy 
(DLTS) measurements, while the 20 Ω cm sample with a high Mn implantation dose 
was chosen for subsequent temperature-dependent (based on microwave detected 
photoconductance decay (µW-PCD)) and injection-dependent (based on quasi-steady-
state photoconductance (QSS-PC)) lifetime spectroscopic measurements and 
evaluation. 

 
Fig. 7.1: Comparison of the effective carrier lifetimes at an injection density of 

η = 0.1×Ndop for the three different sample sets. Different elements and 
doses were implanted in the p-type samples. 

7.3.2 Deep-level transient spectroscopy (DLTS) 

After the initial lifetime measurements and analysis, two of the intentionally Mn-
contaminated samples were prepared for DLTS measurements. Therefore, a Schottky 
contact on one side and an Ohmic contact on the other side of the sample had to be 
realized. After standard HF etching the contacts were sputtered onto the silicon wafers 
in a sputtering chamber at 2×10-6 mbar and temperatures below 55°C. To achieve a 
Schottky contact on p-type material, 30 nm titanium and 60 nm aluminum have been 
evaporated on one side of the samples through a mask allowing distinct circular 
contact areas with diameters of 0.20, 0.35, 0.60 and 1.00 mm. The requirement of an 
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Ohmic contact on the other side was met by covering the back side of the wafer 
entirely with a 60 nm aluminum layer.  

The DLTS measurements were carried out from the University of Erlangen Nürnberg, 
using a digital DLTS system FT1030 from PhysTech. Fourier based weighting 
functions were used to calculate the DLTS spectrum from the measured capacitance 
transients.  

 
Fig. 7.2: DLTS spectrum of the manganese-contaminated 1 Ω cm sample for a sine 

correlation function 

 
Fig. 7.3: Arrhenius plot of the DLTS data for the 1 Ω cm sample. In the inset the 

extracted defect parameters are shown. 
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In Fig. 7.2 a DLTS spectrum taken on the Mn-contaminated 1 Ω cm sample for sin 
correlation function (see eq.(5.19)) is plotted, showing a satisfactory signal to noise 
ratio. Note that any additional contamination with iron during sample preparation 
would have led to a DLTS peak around 50 K, being related to iron-boron pairs with an 
energy level at EV + 0.10 eV [120]. The only peak observed around 225 K was 
measured. In Fig. 7.3, the resulting Arrhenius plot based on the different correlation 
functions is shown. For this graph, the time constant τp ≡ 1 / eü vs. the inverse 
temperature is plotted for all evaluable rate windows. From the slope of the linear fit, 
an energy level of Et − EV = (0.56 ± 0.03) eV and a majority carrier capture cross 
section of σp = 5.2×10-13 cm2 were extracted. Please note that the indicated error is a 
systematical error due to the experimental DLTS setup. The defect density of 
Nt = 3.5×1013 cm-3 is obtained from the DLTS peak height. As usual for DLTS 
measurements, the value of the capture cross section has to be treated with precaution, 
since this value is obtained from the extrapolation of the Arrhenius fit to infinite 
temperatures on a logarithmic scale. The same uncertainties hold for the calculated 
defect density, which is based on the absolute values of the measured capacities C0 and 
ΔC (see eq.(5.18)).  

 
Fig. 7.4: DLTS spectrum of the manganese-contaminated 40 Ω cm sample for a sine 

correlation function 
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Fig. 7.5: Arrhenius plot of the DLTS data for the 40 Ω cm sample. In the inset the 

extracted defect parameters are shown. 

A similar DLTS analysis was performed for the Mn-contaminated sample having a 
resistivity of 40 Ω cm (see Fig. 7.4 and Fig. 7.5), yielding an energy level of 
Et − EV = (0.53 ± 0.03) eV, a majority carrier capture cross section of 
σp = 1.8×10-13 cm2 and a defect density of Nt = 8.2×1011 cm-3. Since this measured 
defect concentration is more than one order of magnitude lower than the expected 
concentration from the implanted dose, it is not clear so far, if a problem occurred 
during the implantation, precipitation during annealing, or during DLTS 
measurements. However, the energy level and also the capture cross section agree 
fairly well with the two measurements, implying reliable DLTS measurements and 
analysis.  

Comparing these values with published data for Mn-related defects from the literature 
(see Tab. 2 for details), we are able to identify the detected impurity level with the 
defect level of manganese-boron pairs, which are obviously present within the sample 
at the temperatures used for the DLTS measurement, namely below room temperature.  

7.3.3 Injection-dependent lifetime spectroscopy (IDLS) 

The effect of the manganese implantation on the injection-dependent carrier lifetime, 
measured by mean of quasi-steady-state photoconductance (QSS-PC), is displayed in 
Fig. 7.6 for the 20 Ω cm sample. Since the lifetime of the control sample left without 
implantation is about one order of magnitude higher compared to the Mn implanted 
sample, it is a justified approximation to identify the measured lifetime of the Mn 
implanted sample with the bulk lifetime. The apparent increase in lifetime below 
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excess carrier densities of 3×1013 cm-3 is caused by measurement artifacts [62, 72] and 
does not reflect the true recombination lifetime (see also Chap. 4.5 for details about 
these measurement artifacts). At high injection densities Auger recombination 
dominates the lifetime curves, resulting in decreasing lifetime values. 

 
Fig. 7.6: Injection-dependent lifetime of a control sample and the manganese-

contaminated 20 Ω cm sample. The lifetime of the control sample is about 
one order of magnitude higher than the implanted sample, showing the 
surface passivation is sufficient. The abnormal high lifetime below an 
injection density of 3×1013 cm-3 is caused by measurement artifacts and 
does not reflect the true recombination lifetime. The reliable data of the 
manganese-implanted sample have been fitted with an SRH model 
featuring two independent defect centers. 

In the mid injection regime, the lifetime curve has been modeled using the Shockley 
Read Hall (SRH) [28, 29] model for extrinsic recombination via defects. The fit (in a 
range from 3×1013 cm-3 to 3×1015 cm-3) of a SRH model featuring a deep and a shallow 
defect center is also plotted in Fig. 7.6. Two separate defect centers were necessary in 
order to give an excellent fit of the measurement data. 

To perform the data evaluation of the IDLS measurement (see Chap. 3.1) with 
maximum transparency, the defect parameter solution surface (DPSS) method has been 
used (see Chap. 3.3 for details about this evaluation method).  

Since it was necessary to compute the SRH fit for the injection-dependent 
measurement data with a shallow and a deep defect center, this routine results in two 
DPSS parameter sets (dashed and solid lines in Fig. 7.7) for the shallow and the deep 
defect center, respectively. Due to the inherent ambiguity of an IDLS curve at a single 
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temperature, a corresponding symmetry factor kDPSS for any shallow and deep energy 
level (EC − Et)DPSS can always be found to give a perfect fit, which can be concluded 
from the constant χ2 error in the whole fitting range. This means that for each of the 
two defect centers only a parameter curve for the corresponding defect parameters can 
be given via analyzing the IDLS curve alone. 

 
Fig. 7.7: DPSS analysis of the IDLS curve of the manganese-contaminated 20 Ω cm 

sample. The errors χ2 and the ratio of the capture cross sections k of the 
IDLS fit for the shallow and the deep defect level are calculated for a fixed 
but gradually varied energy level (EC − Et)DPSS. Each parameter set for the 
shallow and for the deep defect level from the diagram result in the same 
good fit, as can be seen from the constant χ2 error.  

7.3.4 Temperature-dependent lifetime spectroscopy (TDLS) 

In addition to the measurements described above, microwave-detected 
photoconductance decay (µW-PCD) measurements in a temperature range from 77 K 
to 600 K have been carried out using a the cryostatic device on the Mn-contaminated 
20 Ω cm sample (see Fig. 7.8). While one TDLS curve (triangles in Fig. 7.8) was 
acquired with the sample being kept in the dark in between the lifetime measurements 
(only very weak bias light was allowed during measurements to exclude distortions 
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due to trapping, see Chap. 4.1), the other TDLS curve (circles in Fig. 7.8) was acquired 
with the sample being illuminated with white light of approximately 0.3 W/cm2 for at 
least 5 minutes in between two lifetime measurements at different temperatures. 

 
Fig. 7.8: Effect of light soaking and temperature on the temperature-dependent 

carrier lifetime under low-level injection measured by means of the µW-
PCD technique on the intentionally manganese-contaminated 20 Ω cm p-
type silicon sample. The lifetime was once measured without illumination 
(triangles) and once with illumination (Ibias = 0.3 W/cm2) (circles) in 
between the measurements. The change of defect configuration due to 
illumination can be identified in a temperature range between −100°C and 
+160°C. 

The resulting graph, where the temperature normalized low-level injection excess 
carrier lifetime is plotted against the inverse temperature (Fig. 7.8), exhibits three 
interesting temperature regions. The low-level injection lifetime below a temperature 
of approximately −50°C is only affected by the temperature-dependent minority carrier 
capture cross section. In the temperature range from −40°C to +140°C the different 
lifetimes related to two different defect configurations under the two different 
illumination situations are clearly visible. Above a temperature of +160°C, a linear 
Arrhenius increase with the onset of intrinsic conduction above +250°C is visible. 
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Fig. 7.9: DPSS analysis of the illuminated TDLS curve above a temperature of 

+160°C. The error χ2 and symmetry factor k of the TDLS are calculated 
for fixed but gradually varied energy level (EC − Et)DPSS. From the TDLS fit 
there are two possible parameter sets possible for the manganese defect 
configuration above a temperature of +160°C, one in the band gap half of 
the minority carriers (EC − Et = 0.45 eV, k = 9.4) and one in the band gap 
half of the majority carriers (EC − Et = 0.75 eV, k = 23.1). 

In order to extract the defect parameters of the Mn defect configuration at higher 
temperatures, a TDLS fit (see Chap. 3.2) has been performed for the illuminated curve 
for the high temperature region above 160°C using an advanced temperature model 
[5]. Again, the DPSS method was used for data evaluation. The TDLS fit is repeated 
for a fixed but gradually varied defect energy level (EC − Et)DPSS, giving corresponding 
values for the symmetry factor k and the least square fit error χ2 (see Fig. 7.9). Two 
possible parameter sets with nearly the same fit quality are possible from the plot of 
these data triples, one in the band gap half of the minority carriers (MinBH) 
(EC − Et = 0.45 eV, k = 9.4) and another in the band gap half of the majority carriers 
(MajBH) (EC − Et = 0.75 eV, k = 23.1) (for details see also Tab. 7.3). The uncertainties 
of the extracted defect parameters (shaded areas in Fig. 7.9) are estimated for tolerated 
χ2 values of three times their optimum value. Comparing these possible data sets with 
reported data from the literature for Mn-related defects, we were able to relate the 



7.4  Association time constant measurement 103 

MinBH solution to interstitial manganese (Mni) (EC − Et = 0.45 eV). The 
corresponding symmetry factor k can be extracted from our measurements (k = 9.4) 
and has been determined for the first time to the authors knowledge. 

Tab. 7.3: Overview of the TDLS measurement results of the intentionally Mn-
contaminated 20 Ω cm p-type silicon sample. TDLS combined with DLTS 
values from the literature give an unambiguous result of the defect 
parameters of interstitial manganese (Mni) in silicon located in the upper 
band gap half (MinBH solution). 

Min BH solution  Maj BH solution 
Technique 

EC − Et (eV) k  EC − Et (eV) k 

TDLS 
0.45 

(0.405–0.495) 
9.4 

(3.2–19.0) 
 

0.75 
(0.745–0.755) 

23.1 
(15. –28.3) 

 

At temperatures below −70°C, where no significant splitting of the curves due to the 
external illumination was observed, the modeling of the curve yielded the temperature 
dependence of the minority carrier cross section, namely σ(T) ~ T -1.6, which indicates 
a recombination via excitonic Auger capture [121]. 

7.4 Association time constant measurement 

During the TDLS measurements it has been observed that (in the temperature range 
between −40°C and +140°C) the lifetime values of the curve measured under 
illumination recovered while the sample is kept in the dark at a fixed temperature, until 
the lifetime value of the measurement curve without additional illumination is reached 
after some time (minutes to days, depending on the temperature). To analyze this in 
more detail, further measurements have been carried out for temperatures between 
70°C and 120°C (see Fig. 7.10).  
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Fig. 7.10: Effective lifetimes measured by means of µW-PCD after the manganese-

contaminated 20 Ω cm sample has been illuminated with white light 
(Ibias = 0.3 W/cm2) for at least 5 minutes. For every temperature an 
exponential fit resulted in the (temperature-dependent) association time 
constant τassoc. Please note that τassoc is independent of the percentage of 
broken MnB pairs directly after illumination. 

Since the measured lifetime values are a superposition of the lifetime values under 
illumination τillum and the lifetime values in the dark τdark, the corresponding 
temperature-dependent association time constant τassoc can be extracted, assuming an 
exponential decay and using the formula 
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It is important to note that the fitted τassoc is correctly extracted, even if the defect 
configuration related to the illuminated measurement was not reached completely with 
the applied illumination intensity and time.  

In order to analyze this Mn-related association behavior in more detail, the 
temperature-dependent association time constant was determined. According to [122] 
this association time constant can be calculated, assuming that the mobile ions are 
randomly distributed throughout the semiconductor and present in a much lower 
concentration than the dopant ions, as 
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where ε is the dielectric constant of the semiconductor, ε0 the permittivity of free 
space, kB the Boltzmann constant, T the absolute temperature, q the elementary charge, 
D the diffusivity of the mobile ions and Ndop the doping concentration. Using the 
exponential correlation for transition metals 
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with D0 signifying a temperature-independent factor and HM the migration enthalpy, 
the association time constant can be rewritten as 
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Fig. 7.11: Arrhenius plot of the association time constant for the intentionally 

manganese-contaminated 20 Ω cm sample. From the fit the prefactor A 
(and hence the diffusion coefficient D0) and the migration enthalpy HM 
were determined. 

From the modeling of the measured τ values (see Fig. 7.11), the parameters A and HM 
can be extracted as A = 8.3×105 K-1 cm-3 and HM = 0.67 eV from the measurements. 
The diffusivity coefficient D0 can hence be calculated as D0 = 6.9×10-4 cm2 s-1, 
resulting in a temperature dependence of the diffusivity as 
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Tab. 4 shows a comparison of our results with reported data from literature [123, 124]. 
We found a nearly two-times larger diffusivity at room temperature compared to 
previously reported values and hence a two-times faster association of the manganese-
boron pairs. The same has been recently observed for the case of interstitial iron (Fei) 
and iron-boron pairs (FeB) [125]. 

Tab. 7.4: Reported diffusivities for interstitial manganese in silicon. The diffusivities 
at 30°C and 1100°C are calculated using D = D0 exp(−HM / kB T). Values 
in brackets are calculated for a temperature region well outside the 
experimental temperature range. 

Diffusivity data for interstitial manganese in silicon 

Reference 
T range 

(°C) 
D0 

(cm2 / s) 
HM 

(eV) 
D (30°C) 
(cm2 / s) 

D (1100°C)
(cm2 / s) 

Gilles 
[123] 

900–1200 6.9×10-4 0.63 (2.5×10-14) 3.4×10-6 

Nakashima 
[124] 

14–90 2.4×10-3 0.72 2.8×10-15 (5.5×10-6) 

This work 70–120 6.9×10-4 0.67 5.4×10-15 (2.4×10-6) 

 

From the measured τassoc values we can distinguish the observed dissociation-
association behavior from Fe, since there is a factor of 3 discrepancies between the 
measurement results using a similar technique (see Fig. 7.12). 
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Fig. 7.12: Association time constant vs. doping concentration determined for a 

temperature of T = 304 K for iron [125] and manganese (this work). The 
comparison shows the calculated values based on the diffusivity and 
activation energy taken from literature and the measured data. 

7.5 Conclusion 

In this chapter a detailed study of manganese-implanted boron-doped silicon wafers by 
means of DLTS and lifetime spectroscopy allowed the analysis of two different defect 
configurations of manganese in silicon. 

Concerning the defect related to manganese-boron pairs, deep-level transient 
spectroscopy (DLTS) measurements below room temperature unambiguously 
identified the deep defect level to be located at an energy level of 
(EV + 0.55) ± 0.02 eV with a majority carrier capture cross section of 
σp = 3.5×10-13 cm2. From injection-dependent lifetime spectroscopy (IDLS) 
measurements the corresponding symmetry factor k = σn/σp, which was unknown so 
far, could be determined to k = 6.0 (implying σn = 2.1×10-12 cm2). Temperature-
dependent measurements at low temperatures yielded a temperature-dependence of the 
minority carrier capture cross section as σ(T) ~ T -1.6, which indicates a dominant 
recombination via excitonic Auger capture. 

Concerning the defect related to interstitial manganese, temperature-dependent lifetime 
spectroscopy (TDLS) measurements above +160°C (in combination with DLTS 
energy level values from the literature) identified the most recombination-active defect 
level to be located in the upper band gap half at EC − 0.45 (0.405 – 0.495) eV with a 
corresponding symmetry factor of k = 9.4 (3.2 – 19.0).  
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The manganese-boron pairs can remain broken below +160°C (at least partially) if the 
sample is illuminated with strong white light (in our experiment 0.3 W/cm2). After 
switching off the illumination, the defect configuration changes as well. From these 
dynamic TDLS measurements, the temperature-dependent association time constant of 
the formation of manganese-boron pairs could be determined and can be represented 
by the expression τassoc = 8.3×105 K-1 cm-3 (T / Ndop) exp(0.67 eV / kB T). From these 
measurements, the diffusivity coefficient D0 and the migration enthalpy HM of 
manganese in silicon have been determined (in a temperature range from 70°C to 
120°C) to be D0 = 6.9×10-4 cm2 s-1 and HM = 0.67 eV. Compared with literature values 
for the diffusivity, this is two-times faster than expected, but in perfect analogy to the 
findings with iron-boron pairs, concerning similar experimental techniques. 

From the experimental determination of the association time constant being three-
times smaller than the association time constant for iron-boron pairs, it can be used as 
a fingerprint to identify a possible contamination with manganese. 

 

 



 

 

8 Titanium in p-type silicon 

In this chapter the analysis of the electrical properties of titanium in boron 
doped p-type silicon is investigated. Three different intentionally titanium-
contaminated silicon samples were used in order to investigate the 
reproducibility of the used photoluminescence-based temperature-dependent 
and photoconductance-based injection-dependent lifetime spectroscopy. The 
results were published in [126-128]. 

8.1 Electrical properties of titanium in silicon 

Titanium, a transition metal of the 3d group of the periodic table of the elements is a 
component of modern contact systems in the photovoltaic industry and thus cannot be 
neglected as a potential contamination source of industrially produced silicon solar 
cells. In addition multi-crystalline or metallurgical silicon material may be 
contaminated by critical amount of titanium. Due to the relatively low capability of 
diffusion and solubility, titanium rather tents to form interstitial defect levels than 
building precipitates [107]. 

In Tab. 8.1 a literature overview of the established defect levels that titanium 
introduces into the silicon band gap is given.  

Tab. 8.1: Reported energy levels, majority carrier capture cross sections and 
symmetry factors, respectively, for titanium in silicon. 

Energy level 
Et (eV) 

Capt. cross. sec., 
Symmetry factor 

Technique Reference 

 EC – (0.08 ± 0.01) σn = 3.5×10–14 cm2 DLTS Graff [107] 

 EC – (0.27 ± 0.01) σn = 1.3×10–14 cm2 DLTS 
Graff [107], 
Wang [129] 

 EV + (0.289 ± 0.005) k = 12.0 ±0.7 Ndop-IDLS Rein [5] 

 EV + (0.28 ± 0.01) σp = 1.9×10–16 cm2 DLTS 
Graff [107], 
Wang [129] 
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8.2 Sample preparation 

The p-type silicon floatzone (FZ) samples (thickness 600 µm) investigated in this 
chapter were intentionally contaminated with titanium (Ti) during solidification. The 
boron concentration and the resulting resistivity of the bulk as well as the expected 
titanium concentration as calculated from the manufacturer based on segregation 
coefficients are summarized in Tab. 8.2. In order to minimize the effect of surface 
recombination on the effective carrier lifetime, the samples have been passivated by a 
70 nm silicon-nitride (SiNx) layer deposited via plasma-enhanced chemical vapor 
deposition (PECVD) on both sides of the wafer, resulting in a very low surface 
recombination velocity [81]. All three samples show a planar surface. 

Tab. 8.2: Doping and defect concentration for the three investigated intentionally 
titanium-contaminated silicon FZ samples. The defect concentration was 
calculated by the manufacturer based on segregation coefficient. Please 
note that this calculation is not very reliable. 

Sample 
name 

Thickness 
w (µm) 

Doping concentration
NA (cm–3) 

Defect concentration
NTi (cm–3) 

     Ti 8 600 9.72×1014 4.9×1011 

     Ti 10 600 1.05×1015 7.0×1011 

     Ti 15 600 1.70×1015 8.6×1010 

 

It turned out that the determination of the doping concentration, which is normally 
carried out using a four-point probe sheet resistivity measurement setup or the QSS-PC 
technique, did not result in reliable results due to unknown reasons. Instead, the doping 
concentration as determined by the manufacturer was used for the subsequent analysis 
of the three samples. 

8.3 Experimental results 

The lifetime spectroscopic analysis of the three titanium-contaminated samples was 
carried out using room-temperature QSS-PC and temperature-dependent QSS-PL 
measurements. For the QSS-PL measurements, the corrections due to photon 
reabsorption, as described and analyzed in Chap. 6, were accomplished. 
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8.3.1 Effect of photon reabsorption 

The calculation of the lifetime- and temperature-dependent correction factors ξi(T,τ) 
for the 600 µm thick samples for allowing a reliable calibration of the PL measurement 
signal, were carried out using the method described in Chap. 6.3. In Fig. 8.1 these 
results are plotted. 

 
Fig. 8.1: Calculated temperature- and carrier lifetime dependent correction factors 

ξi(T,τ) for the 600 µm thick titanium-contaminated silicon samples 
investigated here. 

This correction has a significant influence on the temperature-dependent measurements 
of the low-level injection lifetimes, as can be seen from Fig. 8.2. For this comparison, 
the QSS-PL low-level lifetime was evaluated without and with the photon reabsorption 
correction factors for one titanium-contaminated sample. The uncorrected data show 
an explicit local maximum of the low-level excess carrier lifetime below 0°C, which 
cannot be explained by SRH theory. However, the for photon reabsorption corrected 
data do not show this local maximum any more, in perfect agreement with SRH 
theory. Also the significant influence not only on the shape but also on the absolute 
values for the carrier lifetimes is visible, showing the necessity for this correction. 
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Fig. 8.2: Influence of the correction due to photon reabsorption on temperature-

dependent measurements of the low-level injection lifetime. The 
measurement data were acquired using the temperature-dependent QSS-
PL measurement setup. 

8.3.2 Temperature-dependent lifetime spectroscopy (TDLS) 

In a first step, the injection-dependent excess carrier lifetime of the three titanium-
contaminated samples was measured at a temperature of T = 303 K using the QSS-PC 
technique. Subsequent QSS-PL measurements at the same temperature were used for 
calibration of the QSS-PL measurement setup for each sample, as explained in 
Chap. 4.4.2. Based on this calibration, temperature-dependent QSS-PL measurements 
were carried out in a temperature range from 78 K to 573 K in steps of 15 K. The 
calculated correction factors ξi(T,τ) were used in order to get reliable results. 

In Fig. 8.3 the resulting temperature- and injection-dependent measurement data for 
one investigated sample are exemplarily shown. The low-level injection lifetime 
increases with increasing temperature, except for the highest temperatures reached, 
where the low-level injection lifetime decreases slightly. Also at these elevated 
temperatures the injection-dependence changes from rising with increasing injection 
density to falling with increasing injection density. These phenomena are in perfect 
agreement with SRH theory and will be used for analysis of the related defect 
parameters in the following.  
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Fig. 8.3: Temperature- and injection-dependent measurement of the excess carrier 

lifetime of one titanium-contaminated sample using the QSS-PC and QSS-
PL technique. For clarity, only selected curves are plotted, the complete 
measurement consists of 34 injection-dependent measurement curves taken 
at different temperatures. 

In order to analyze the measurement data using the temperature-dependent lifetime 
spectroscopic (TDLS) technique (see Chap. 3.2), the (injection-independent) low-level 
injection lifetime was figured out for every temperature and subsequently plotted 
against the inverse temperature (see Fig. 8.4). For very few temperature ranges no 
injection-independent low-level carrier lifetime was determinable, resulting in these 
temperature ranges to be rejected for TDLS analysis. Again the increasing carrier 
lifetime can be seen with increasing temperatures. Only at high temperatures the 
carrier lifetimes start to decrease again, which is related to the onset of intrinsic 
conduction. 

For evaluation of the defect parameters of the underlying physical recombination 
processes, these temperature-dependent low-level injection data were subsequently 
analyzed using a SRH model featuring two independent defect centers.  
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Fig. 8.4: Measured temperature-dependent low-level injection lifetime (TDLS) of 

the titanium-contaminated silicon sample. The data have been measured 
using the improved photoluminescence setup with the integrated cryostat. 
The measurement data were corrected for the temperature- and lifetime-
dependent photon reabsorption within the silicon. The lines represent the 
modeled data that have been obtained using a least square fit of a SRH-
model featuring two independent defect levels. 

The first step in the evaluation of the data is the determination of the temperature-
dependence of the minority carrier capture cross section from the low temperature 
range for the deep σdeep(T) and the shallow σshallow(T) defect level, as indicated in Fig. 
8.4. This was carried out for the three different investigated samples, yielding the 
temperature-dependence as shown in Tab. 8.3. These temperature-dependences 
indicate capture of the minority carriers due to excitonic auger capture for deep defect 
centers [121] or a cascade capture for shallow defect centers [130]. 

Tab. 8.3: Temperature-dependence of the minority carrier capture cross section for 
the three investigated intentionally titanium-contaminated silicon FZ 
samples as determined from the TDLS data. 

Sample name    σdeep(T) ~ σshallow(T) ~ 

         Ti 8 T −1.15 T −1.80 

         Ti 10 T  −1.45 T −1.70 

         Ti 15 T  −1.05 T −1.60 
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After this analysis of the minority carrier capture cross sections, the TDLS data were 
subsequently fitted using a SRH model using two independent defect centers. The 
whole fitting process will be covered in depth in the next but one section. However, the 
result of this optimization process is also shown in Fig. 8.4. As can be seen, the 
superposition of the two theoretical curves describes our experimental data very well, 
showing the high accuracy of this fitting process. 

8.3.3 Injection-dependent lifetime spectroscopy (IDLS) 

In order to extract the defect parameters for titanium in silicon with maximum 
reliability from carrier lifetime measurements, additional injection-dependent excess 
carrier lifetime measurements have been performed at a temperature of 303 K using 
the QSS-PC technique. The resulting data of this measurement are displayed in Fig. 
8.5 for one sample exemplarily. As can be seen the Coulomb enhanced Auger 
recombination dominating in the high excess carrier density range does not have any 
influence on the measured data. Please note that although the measurement is affected 
by trapping measurement artifacts below an injection density of approximately 
1×1013 cm-3, reliable lifetime data are obtained for higher injection densities. 

These data were again fitted using a SRH-model featuring two independent defect 
levels. At low injection densities the deeper defect level limits the bulk carrier lifetime, 
while at higher injection densities the shallower level is limiting the bulk carrier 
lifetime. Again the superposition of the two defect centers agrees very well with the 
measurement data. A detailed analysis of this fitting process will be carried out in the 
next section. 



116 8  Titanium in p-type silicon 

 

 
Fig. 8.5: Measured injection-dependent excess carrier lifetimes of the titanium-

contaminated silicon sample. The data have been acquired using a 
standard QSS-PC. Trapping influenced lifetimes have been measured 
below an injection density of approximately 1×1013 cm-3 (blue triangles), 
which have been rejected for subsequent modeling. The lines represent the 
modeled data that have been obtained using a least square fit of a SRH-
model featuring two independent defect levels. 

 

8.3.4 In-depth analysis 

In order to evaluate the measurement data of the injection-dependent and temperature-
dependent measurements, the defect parameter solution surface (DPSS) evaluation 
method (see Chap. 3.3, [5]) was used.  

For the analysis of the deep defect level, the defect parameters (EC - Et) and k 
(k ≡ σn / σp ratio of the capture cross sections) for the additional shallow level were set 
to fixed values. A least-square fit was carried out for the temperature-dependent and 
injection-dependent measurement data for a fixed but gradually varied defect energy 
depth (EC - Et)DPSS. This results in corresponding values for the kDPSS factor and the 
least square fit error χ2 (see Fig. 8.6). The results for the temperature-dependent data 
are depicted as solid lines, while the results for the injection-dependent data are 
depicted dashed. The χ2 error of the TDLS fits have two minima, one in the band gap 
half of the minority carriers (MinBH) and one in the band gap half of the majority 
carriers (MajBH). The uncertainties of the extracted defect parameters (shaded areas) 
are estimated for tolerated χ2 values of double their optimum values. The fit for the 
injection-dependent data gives a constant χ2 value, meaning that for every possible 
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energy depth (EC - Et)DPSS within the band gap a corresponding kDPSS can be found 
which results in a the same fit quality.  

 

  

 

 

Fig. 8.6: DPSS analysis of the three investigated titanium-contaminated p-type 
silicon FZ samples for the deep defect level. TDLS related data are shown 
with solid lines while IDLS related data are shown dashed. 
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The resulting parameters for the energy depth, symmetry factor and error for the deep 
defect level from the fitting of the TDLS data are listed in Tab. 8.4. Two possible 
solutions are found, one in the MinBH and one in the MajBH. However, since the 
absolute errors for the MinBH solution are significantly smaller than the errors for the 
MajBH solution, the MinBH solution is much more likely.  

Tab. 8.4: Values for the energy depth, symmetry factor and error for the deep defect 
level from the fitting of the TDLS data.  

MinBH solution MajBH solution 

Sample EC – Et 
(eV) 

k χ2
min 

EC – Et 
(eV) 

k χ2
min 

Ti8 
03.0
04.046.0 +

−  10
711+

−  0.147 
02.0
02.074.0 +

−  12
723+

−  0.334 

Ti10 04.0
05.049.0 +

−  14
1016+

−  0.170 01.0
02.073.0 +

−  11
731+

−  0.253 

Ti15 
03.0
04.047.0 +

−  60
4070+

−  0.090 
02.0
04.080.0 +

−  700
3001200+

−  0.596 

 

Combining these findings with the data from the IDLS fits, the intersection of the two 
curves (marked with a star in Fig. 8.6) perfectly agrees with the minimum of the χ2 
curves for two of the three samples for the MinBH solution, while for the MajBH 
solution no intersection could be found, being another indication that the true defect 
parameters are the ones from the MinBH solution. 

For calculating the average values for the energy depth and the symmetry factor for the 
deep defect of the samples Ti8 and Ti10, their values were averaged using weighted 
average calculations. Sample Ti15 was not included in this calculation since the results 
from the TDLS χ2 analysis and the TDLD & IDLS intersection do not coincidence due 
to an unknown reason. The results are shown graphically in Fig. 8.7 and in Tab. 8.6. 
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Fig. 8.7: Graphical illustration of the MinBH solution from the TDLS χ2 analysis 

and the combination of the TDLS & IDLS analysis. For weighted average 
calculations samples Ti8 and Ti10 were used. 

Subsequently, the same procedure was carried out for the shallow defect level with 
fixed values for the deep defect level for each of the samples. The results of this DPSS 
analysis are shown in Fig. 8.8.  
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Fig. 8.8: DPSS analysis of the three investigated titanium-contaminated p-type 
silicon FZ samples for the shallow defect level. TDLS related data are 
shown with solid lines while IDLS related data are shown dashed. 
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Tab. 8.5: Values for the energy depth, symmetry factor and error for the shallow 
defect level from the fitting of the TDLS data.  

MinBH solution MajBH solution 

Sample EC – Et 
(eV) 

k χ2
min 

EC – Et 
(eV) 

k χ2
min 

Ti8 
09.0
03.0078.0 +

−  0.117 
011.0
013.0021.1 +

−  0.147 

Ti10 14.0
04.0082.0 +

−  0.156 012.0
015.0024.1 +

−  0.170 

Ti15 06.0
02.0087.0 +

−  

La
rg

e 
un

ce
rta

in
tie

s 
0.076 008.0

010.0026.1 +
−  

A
na

ly
si

s  
in

di
ff

er
en

t t
o 

k 

0.090 

 

The TDLS χ2 analysis of the three samples shows two distinct minima, one in the 
MinBH at an energy level of EC – Et = 0.08 eV, one in the MajBH at an energy level 
EC – Et = 1.024 eV. Details can be found in Tab. 8.5. Since the analysis for the MajBH 
is indifferent to the symmetry factor k, no values can be given for that. The combined 
analysis of the TDLS & IDLS fits results in different results. While for the Ti10 
sample not enough QSS-PC data at high injection levels were available, the IDLS 
parameter curve of the samples Ti8 and Ti15 intersects with the TDLS parameter curve 
at an energy level of EC – Et = 0.250 eV. A possible reason for this discrepancy 
between the TDLS χ2 analysis and the TDLS & IDLS analysis might be the different 
temperature ranges, where the measurement data were taken. While the IDLS data 
were taken at a temperature of 303 K, for the IDLS analysis temperatures below –50°C 
were evaluated for the shallow defect level. Fig. 8.9 shows a graphical illustration of 
the found parameters for the different analyses. 
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Fig. 8.9: Graphical illustration of the MinBH and MajBH solution from the TDLS 

χ2 analysis. For weighted average calculations all three samples were 
averaged. 

Due to the discrepancy between the TDLS & IDLS parameter curves, only the data of 
the TDLS χ2 analysis are thought to be reliable, with the consequence that no decision 
based on the TDLS analysis can be done weather the MinBH or the MajBH solution 
represents the true defect parameters. However, comparing the found parameters with 
data from literature, the MinBH solution seems to be much more likely since it 
perfectly agrees with a shallow defect level found by means of DLTS, being 
summarized by [107] (see Tab. 8.1) 
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Tab. 8.6: Overview of the TDLS measurement results of the intentionally Ti-
contaminated p-type silicon FZ sample. The TDLS analysis was performed 
based on measurement data acquired using the QSS-PL technique. For the 
deep defect level the MinBH solution can be identified with the true 
recombination center, which could be identified using this advanced 
lifetime spectroscopic approach for the first time. For the shallow defect 
level it cannot be decided based on TDLS analysis alone which solution is 
preferable. However, literature values analyzed by DLTS agree very well 
with the MinBH solution. 

Min BH solution  Maj BH solution Samples 
averaged EC – Et (eV) k  EC – Et (eV) k 

Deep defect level 

Ti8, Ti10 02.0
03.047.0 +

−  8
613+

−     

Shallow defect level 

Ti8, 
Ti10, Ti15 

05.0
02.008.0 +

−  Large 
uncertainty 

 006.0
007.0024.1 +

−  Analysis 
indifferent to k 

 

8.4 Conclusion 

In this section intentionally titanium-contaminated p-type silicon FZ samples were 
investigated by means of injection-dependent QSS-PC and temperature-dependent 
QSS-PL measurements. For the evaluation of the QSS-PL data the influence of the 
correction due to photon reabsorption was shown experimentally. 

Modeling of the corrected temperature-dependent low-level injection excess carrier 
lifetime data of three titanium-contaminated silicon samples resulted in an 
identification of two distinct defect levels. In combination with an injection-dependent 
analysis it was possible to access the defect parameters of the deep defect level 
unambiguously to be located in the band gap half of the minority carriers at an energy 
depth of EC - Et = 0.47 (+0.02, −0.03) eV with a corresponding symmetry factor of 
k = 13 (+8, −6). Since the electron configuration of titanium is [Ar] 3d2 3s2, it is very 
likely that titanium is present at interstitial sites within the silicon lattice, while the 
defect levels act mostly donor-like [131] (see also Chap. 11.2.1). Due to the fact that 
the symmetry factor k is found to be larger than 1, a donor-like behavior of the deep 
defect level found here is very probable, but since the defect levels for interstitial 
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titanium (summarized in Tab. 8.1) are quite established, it is not very likely that this 
deep defect center found out here is also related to interstitial titanium. A comparison 
with literature values suggest a cross-contamination of the sample with vanadium or 
chromium, both having a defect level being located at EC - 0.45 eV [107]. However, 
the analysis presented here shows the excellent sensitivity of lifetime spectroscopy for 
recombination-active defects, being able to reliably access the defect parameters of this 
deep defect center. 

Temperature-dependent analysis of the shallow defect level lead to two possible 
solutions, one being located in the band gap half of the minority carriers, one in the 
band gap half of the majority carriers. Comparison with literature value measured by 
means of DLTS strongly suggests that the solution in the band gap half of the minority 
carriers represents the true defect parameters, namely EC - Et = 0.08 (+0.05, −0.02) eV. 

 



 

 

9 Aluminum in p-type silicon 

In this chapter the analysis of the electrical properties of aluminum in boron 
doped p-type silicon is presented. Intentionally aluminum-contaminated 
silicon samples were analyzed using deep-level transient spectroscopy and 
injection-dependent lifetime spectroscopy. The results were published in 
[132]. 

9.1 Electric properties of aluminum in silicon 

Aluminum is the fastest diffusing acceptor dopant in silicon and hence usually used to 
fabricate deep pn-junctions. In solar cells it is also commonly present in the metal back 
contact as well as in the back surface field region.  

The diffusivity of interstitial aluminum in silicon [133] 
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is relatively low compared to the diffusivity of transition metals. Hence, aluminum is 
not very likely introduced into the wafer bulk by unintentional diffusion during device 
processing. However, if aluminum is already present as a grown-in impurity in the 
starting material, it can act as an electrically active defect with detrimental 
consequences for the electrical material quality.  

A well known shallow acceptor level of aluminum in silicon is located at 
Et - EV = 0.057 eV [134], which makes it a potential doping substance for p-type 
silicon. In addition, aluminum and aluminum-related defect centers are also presumed 
to exhibit deep energy levels in the silicon band gap. However, despite a couple of 
investigations in the past on aluminum-related defect centers in silicon [38, 135-138], 
the results of these investigations disagreed with each other or failed to give an 
unambiguous set of defect parameters. A selection of the found energy levels is 
summarized in Tab. 9.1. 

9.2 Sample preparation 

The intentionally aluminum-contaminated samples investigated here are made of 
Czochralski (Cz) <100> p-type silicon. The contaminant was introduced into the melt 
during solidification. An acidic etch removed the crystal damage of the wafers. The 
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doping concentration NA = 1.7×1015 cm-3 (8 Ω cm) has been determined via four point 
probe measurements.  

Deep-level transient spectroscopy (DLTS) measurements have been carried out at two 
different institutes independently, at the University of Erlangen-Nürnberg using a 
digital DLTS system FT1030 and at the Australian National University (ANU) using a 
lock-in type DLTS measurement system [139]. For the measurements at the University 
Erlangen-Nürnberg, a sample was cleaned using a combination of acetone in an 
ultrasonic bath, deionized water and HF acid. The Schottky contacts were formed 
using 30 nm of titanium and 60 nm aluminum, while the Ohmic contacts were formed 
by 60 nm aluminum. Both contact types were sputtered at a temperature of 
approximately 55°C. The contacts were structured using a shadow mask with circular 
contacts. For the measurements at the ANU, a sample was prepared using 200 nm of 
aluminum as Schottky contacts at the front side, which was evaporated using a shadow 
mask. A indium-gallium eutectic was applied to the rear side of the sample just before 
the actual measurement, acting as an Ohmic contact. 

For injection-dependent lifetime spectroscopic analysis a sample from the same wafer 
was RCA cleaned and subsequently passivated using high quality SiNx featuring low 
surface recombination velocities [81]. 

9.3 Experimental results 

9.3.1 Deep-level transient spectroscopy (DLTS) 

In Fig. 9.1 the DLTS signal of one of the measurements carried out at the University of 
Erlangen-Nürnberg is shown. The signal-to-noise ratio is satisfying, which is mainly 
due to a relatively high ratio of the defect concentration and the doping concentration 
of Nt / NA = 3×10-3. The peak around 200 K was evaluated for each rate window. In 
Fig. 9.2, the resulting Arrhenius plot, a logarithmic plot of the hole emission rate ep at 
the temperature where the DLTS signal has its maximum, divided by the effective 
density of states in the conduction band NV and the thermal velocity vth, of the different 
DLTS spectra (for different rate windows) against the inverse temperature is shown. 
From these data, an energy depth of Et – EV = 0.46 ± 0.03 eV, a majority carrier 
capture cross section of σp = 3.2×10-13 cm2 (at T = 200 K), and a defect concentration 
of Nt = 4.2×1012 cm-3 could be extracted via a linear fit to the data. 
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Fig. 9.1: DLTS spectrum of the aluminum-contaminated 8 Ω cm sample for a sine 

correlation function measured at the University of Erlangen-Nürnberg. 

 
Fig. 9.2: Arrhenius plot of the DLTS data for the aluminum-contaminated 8 Ω cm 

sample measured at the University Erlangen-Nürnberg. In the inset the 
extracted defect parameters are shown. 

DLTS measurements on a sample of the same wafer, performed at the Australian 
National University (ANU) in Canberra, Australia, with their lock-in type DLTS 
measurement setup are shown in Fig. 9.3 and the Arrhenius plot for evaluation in Fig. 
9.4. The measurements resulted in the defect parameters of Et – EV = 0.42 ± 0.03 eV, 
σp = 4.0×10-13 cm2, and Nt = 1.9×1011 cm-3, which are in good agreement with those 
presented before. Only the defect concentration Nt differs between the two 
measurements, but preference is given to the defect concentration obtained from the 
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experiments carried out at the University of Erlangen-Nürnberg as the DLTS spectrum 
measured at ANU was significantly noisier and more difficult to analyze. 

 
Fig. 9.3: DLTS spectrum of the aluminum-contaminated 8 Ω cm sample for a lock-in 

correlation function measured at the Australia National University. 

 
Fig. 9.4: Arrhenius plot of the DLTS data for the aluminum-contaminated 8 Ω cm 

sample measured at the Australia National University. In the inset the 
extracted defect parameters are shown. 
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9.3.2 Injection-dependent lifetime spectroscopy (IDLS) 

Due to the fact that only the majority carrier capture cross section can be extracted 
from DLTS measurements, additional injection-dependent lifetime measurements were 
carried out on a SiNx passivated sample origination from the same aluminum-
contaminated wafer. These measurements were carried out at room temperature using 
the QSS-PC measurement setup introduced in Chap. 4.2. 

Fig. 9.5 shows the resulting measurement data (orange circles). In a first step, these 
measurement data were corrected for intrinsic recombination due to Auger and 
radiative recombination (blue circles). These injection-dependent measurement data 
were subsequently fitted using a SRH model featuring two independent defect levels 
(dashed blue lines in Fig. 9.5), which resulted in a very satisfactory fit quality (blue 
line). 

 
Fig. 9.5: Injection-dependent lifetime measurement at room temperature of the 

intentionally aluminum-contaminated p-type silicon. The measurement 
data were corrected for intrinsic recombination (Auger and radiative) and 
subsequently fitted using a SRH model featuring two independent defect 
levels. Given the energy level Et – EV = 0.44 eV and hole capture cross 
section σp = 3.6×10−13 cm2 from DLTS measurements, a symmetry factor 
k = 870 for the deep defect center has been determined. For the shallow 
defect center, various parameter sets lead to an equal fit quality, with 
Et − EV = 0.15 eV and k = 1.3 depicted exemplarily here. 

Using a weighted average of the two independent DLTS measurements of 
Et - EV = 0.44 eV, the corresponding symmetry factor k can be determined from this 
IDLS analysis out of the deep defect level to be k = 870. Using an averaged value for 
the majority carrier capture cross section of σp = 3.6×10-13 cm2, the minority carrier 
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capture cross section can be calculated as σn = 3.1×10-10
 cm2, wherefore it is assumed 

that the symmetry factor is temperature independent. For the shallow defect level, an 
energy depth of Et - EV = 0.15 eV and a symmetry factor k = 1.3 was assumed. 

9.4 Conclusion 

In conclusion, the combined application of deep-level transient spectroscopy (DLTS) 
and injection-dependent lifetime spectroscopy (IDLS) has been shown to be an 
efficient way to obtain the defect parameters of the lifetime-limiting defect in p-type 
boron-doped aluminum-contaminated Czochralski silicon. From the various energy 
levels reported in previous investigations, we identified one single energy level at an 
energy depth of Et – EV = 0.44 ± 0.02 eV with a majority carrier capture cross section 
of σp = 3.6×10-13 cm2 (at T = 200 K), and a defect concentration of Nt = 4.2×1012 cm-3. 
The corresponding symmetry factor k can be determined from injection-dependent 
excess carrier lifetime measurements and was determined to be k = 870. The minority 
carrier capture cross section can be calculated as σn = 3.1×10-10

 cm2, wherefore it is 
assumed that the symmetry factor is temperature independent. A summary of reported 
energy levels and capture cross sections is given in Tab. 9.1. 

Due to the fact that the contaminated sample was fabricated using the Czochralski 
technique, a considerable concentration of oxygen in the bulk material is expected. The 
defect level detected by Marchand et al. at around Et – EV = 0.40 eV is precisely 
attributed to the aluminum-oxygen pair (Al–O). We therefore conclude that the Al-
related defect center investigated in the present work is probably due to the Al–O 
complex as well. Interestingly, the samples used in the study of Davis et al. also 
originated from a Cz silicon ingot with the aluminum contaminant given into the melt. 
Because of this, we tentatively attribute the observed defect centers, which they do not 
specify further, to the same Al–O pairs. It should be stressed, however that in principle 
any other species present in Cz silicon but not in e.g. float-zone silicon in 
concentrations above 1013 cm-3 could be responsible for the detected defect 
configuration as well and that the attribution to the Al–O pairs still remains an 
assumption. 
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Tab. 9.1: Reported energy levels and majority carrier capture cross sections for 
deep defect levels of aluminum (Al) in silicon being attributed to the 
aluminum-oxygen pair (Al–O). All data were acquired using the DLTS 
technique, except for Schmidt et al., who used temperature- and injection-
dependent lifetime spectroscopy (T-IDLS) and this work, where DLTS and 
injection-dependent lifetime spectroscopy (IDLS) were combined. The 
roundup has not the claim to be total. 

Investigated defect: Aluminum (Al) in silicon 

Reference 
Defect energy level Et 

(eV) 
Capture cross section σ 

symmetry factor k 

Marchand et al. [135] EV + 0.216  

 EV + 0.316  

 EV + 0.402  

 EC − 0.389  

Davis et al. [138] (EV + 0.43) ± 0.05 
σp = 1.4×10-14

 cm2 
σn = 5.7 ×10-15

 cm2 

 (EV + 0.47) ± 0.03  

Schmidt et al. [38] EC − (0.45 … 0.90)  

This work (EV + 0.44) ± 0.02 
σp = 3.6×10-13

 cm2 
σn = 3.1×10-10

 cm2 
(k = 870) 

 

 





 

 

10 Tungsten in p-type silicon 

In this chapter the analysis of the electrical properties of tungsten in boron 
doped p-type silicon is investigated. Intentionally tungsten-contaminated 
silicon samples were analyzed using deep-level transient spectroscopy. The 
results are compared with recent measurements using temperature- and 
injection-dependent lifetime spectroscopy. 

10.1 Electrical properties of tungsten in silicon 

Tungsten is one of the 5d transition metals and is located between rhenium and 
tantalum in the periodic table. The Arrhenius equation for the diffusivity of tungsten is 
[107] 
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describing a very low diffusivity in silicon.  

Since the 1960s several researchers have investigated the deep defect level that 
tungsten forms in silicon. Most of them detected several distinct defect levels, which 
unfortunately occupy nearly the whole silicon band gap [140-144]. This is likely due to 
a cross-contamination with other impurities during sample preparation. In agreement 
with [131] a single donor level in the lower half of the band gap is very likely at an 
energy level of Et – EV = 0.40 eV and an majority carrier capture cross section of 
σp = 5×10-16 cm2. This single donor level fits also into the chemical trend of the 
chromium group. It is assumed that this donor level is due to an interstitial defect 
[107]. In Tab. 10.1 energy levels and capture cross sections reported in recent years are 
compiled. 

10.2 Sample preparation 

The intentionally tungsten-contaminated samples investigated here are made of 
Czochralski (Cz) <100> p-type silicon. The contaminant was introduced into the melt 
during solidification. An acidic etch removed the crystal damage of the wafers. The 
doping concentration of the samples was determined by resistance measurements 
based on the four-point probe technique to be 30 Ω cm (NA = 4.1×1014 cm-3). It is 
roughly two to three orders of magnitude higher than the concentration of tungsten 
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specified by the calculation from the manufacturer based on the segregation coefficient 
(1 – 8×1011 cm-3). 

For deep-level transient spectroscopy (DLTS) measurements a sample was cleaned 
using a combination of acetone in an ultrasonic bath, deionized water and HF acid. The 
Schottky contacts were formed using 30 nm of titanium and 60 nm aluminum, while 
the Ohmic contacts were formed 60 nm aluminum. Both contact types were sputtered 
at a temperature of approximately 55°C. The contacts were structured using a shadow 
mask with circular contacts. 

For temperature- and injection-dependent lifetime spectroscopic analysis a sample was 
RCA cleaned and subsequently passivated using high quality SiNx featuring very low 
surface recombination velocities [81] what was checked using reference samples 
without metal contamination. 

10.3 Experimental results 

10.3.1 Deep-level transient spectroscopy (DLTS) 

The DLTS measurements were carried out from the University of Erlangen-Nürnberg, 
using a digital DLTS system FT1030 from PhysTech. Fourier based weighting 
functions were used to calculate the DLTS spectrum from the measured capacitance 
transients.  

In Fig. 10.1 a DLTS spectrum taken on the tungsten-contaminated sample for sine 
correlation function (see eq. (5.19)) is plotted, showing a quite noisy signal. This 
measured noise is thought not to originate from the sample noise due to the fact that 
the quotient of the expected defect concentration and the doping concentration of 
Nt / Ndop ~ 10-3 lies well above the sensitivity limit of the DLTS measurement system. 
The accuracy is hence not limited by the relative defect concentration but rather by the 
absolute defect concentration, which was measured to be Nt = 7.8×1011 cm-3. This limit 
manifests in the apparatus noise. 
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Fig. 10.1: DLTS spectrum of the tungsten-contaminated 30 Ω cm sample for a sine 

correlation function. 

In Fig. 7.3, the resulting Arrhenius plot, a logarithmic plot of the hole emission rate ep 
at the temperature where the DLTS signal has its maximum, divided by the effective 
density of states in the conduction band NV and the thermal velocity vth, of the different 
DLTS spectra (for different rate windows) against the inverse temperature is shown. 
From the slope of the linear fit, an energy level of Et − EV = (0.38 ± 0.03) eV and a 
majority carrier capture cross section of σp = 4.8×10-16 cm2 are extracted. Please note 
that the indicated error is a systematic error due to the experimental DLTS setup. 

 
Fig. 10.2: Arrhenius plot of the DLTS data for the tungsten-contaminated 30 Ω cm 

sample. In the inset the extracted defect parameters are shown. 
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10.3.2 Temperature- and injection-dependent lifetime spectroscopy (T-IDLS) 

Beside the DLTS measurements, temperature- and injection-dependent lifetime 
spectroscopic measurements were carried out on one of the tungsten-contaminated 
samples. For this, the injection-dependent excess carrier lifetime was measured for 
temperatures varying from room temperature to 151°C.  

The experimental setup is based on the QSS-PC / WCT-100 (see Chap. 4.2). The 
sample was heated for the various measurements by a brass coil resistive element 
placed directly on top of the sample. The latter is based on a system supplied by Sinton 
Consulting that was slightly modified. Thermal insulation was carried out using a 
pyrex sample underlay kept at a small distance from the measurement coil what is 
adequate not to alter the calibration of the system by heating of the sample. A Pt100 
sensor was used in order for accessing the actual sample temperature. The 
measurements were carried out in cooperation with S. Diez [39]. 

Fig. 10.3 shows the resulting measured lifetime curves for the different temperatures. 
The measurement data were corrected for Auger and radiative recombination, what 
was necessary for injection densities above Δn > 1016 cm-3. In order to check for defect 
configuration stability, the measurements were carried out for rising and falling 
temperatures. Since no change was observed, the defect configuration is thought to be 
stable under these measurement conditions. 

The temperature- and injection-dependent measurement data were subsequently fitted 
using a simultaneous SRH fit, which is also shown in Fig. 10.3. A deep and a shallow 
defect level were assumed in order to get a reliable fit. Due to the fact that the shape of 
the injection-dependent lifetime data changed from rising with increasing injection 
density at lower temperatures to falling at higher temperatures, it was possible to 
determine the true defect parameters without any ambiguity [5]. For details about the 
evaluation process please see [39]. The resulting parameters for the deep defect level 
were found to be Et – EV = (0.34 ± 0.02) eV with a ratio of the capture cross sections of 
k = 10 ± 4. For the shallow defect the parameters Et – EV = 0.17 eV and k = 3.4 were 
used. 
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Fig. 10.3: Injection dependence of the effective SRH carrier lifetime measured on a 

tungsten-contaminated silicon p-type sample after subtracting the small 
influence of intrinsic recombination beyond Δn=1×1016 cm-3. A change 
from increasing to decreasing shape is observed by covering the range 
from room temperature up to 151°C. Solid lines display a simultaneous fit 
with a single unique set of parameters for a deep (Et – EV = 0.34 eV, 
symmetry factor k = 9.6) and a shallow defect (EC - Et = 0.17 eV, k = 3.4). 
They result from a detailed DPSS analysis. Separately plotting SRH 
lifetime for these defects at 31 °C (dashed curves) reveals the sole 
dominance of the former up to beyond Δn=1×1015 cm-3. It is attributed to a 
tungsten-related bulk defect (from [39]). 

10.4 Conclusion 

DLTS measurements of an intentionally tungsten-contaminated p-type silicon sample 
resulted in an extracted deep defect level of (EV + 0.38) ± 0.03 eV with a majority 
carrier capture cross section of σp = 4.8×10-16

 cm2. The determined defect 
concentration of Nt = 7.8×1011 cm-3 perfectly agreed with the calculated defect 
concentration of Nt = (1 – 8)×1011 cm-3. This found energy level coincidences perfectly 
with the results found by [131, 142, 144]. A summary of the recently reported defect 
levels is given in Tab. 10.1 
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Tab. 10.1: Reported energy levels and majority carrier capture cross sections for 
tungsten (W) in silicon. All data were acquired using the DLTS technique, 
except for Diez et al., who used temperature- and injection-dependent 
lifetime spectroscopy (T-IDLS). Please note that the measurement results 
of Diez et al. and this work were acquired using the same set of samples. 
The summary does not claim to be total; rather results from recent years 
are summarized. 

Investigated defect: Tungsten (W) in silicon 

Reference 
Defect energy level Et 

(eV) 
Capture cross section σ 

symmetry factor k 

Lemke [131] EV + 0.40 σp = 5.0×10-16
 cm2 

Fujisaki et al. [142] EC − 0.22  

 EV + 0.41  

Boughaba et al. [143] EC − 0.59 σp = 6.6×10-16
 cm2 

σn = 1.7×10-14
 cm2 

 EV + 0.33 σp = 1.2×10-14
 cm2 

 EV + 0.22 σp = 9.4×10-15
 cm2 

Ando et al. [144] EV + 0.41  

Diez et al. [39] (EV + 0.34) ± 0.02 k = 10 ± 4 

This work (EV + 0.38) ± 0.03 σp = 4.8×10-16
 cm2 

 

Temperature- and injection-dependent lifetime measurements (T-IDLS) on a sample 
from the same sample set resulted in an unambiguous determination of a deep defect 
center at an energetic level of (EV + 0.34) ± 0.02 with a symmetry factor k = 10 ± 4. 

The small deviation of the DLTS and T-IDLS results may be related to several reasons: 
Firstly it is possible, since the results nearly agree taking the errors given into account, 
measurement errors could be responsible. Also it could be possible that two deep 
defect centers are present in these tungsten-contaminated samples, one being 
detectable via DLTS measurements while the other being recombination active and 
being detectable by LS measurements, which would agree with results found by [143]. 
Thirdly, a fundamental difference in the measurement principle could be responsible 
for the different measurement results. This will be analyzed in more detail in 
Chap. 11.2. 



 

 

11 In-depth comparison 

11.1 Photoconductance vs. Photoluminescence 

In this section different techniques for measuring the excess carrier lifetime 
of silicon samples will be compared. Microwave-detected photoconductance 
decay (µW-PCD) (Chap. 4.1), quasi-steady-state and transient 
photoconductance (QSS-PC and TR-PC) (Chap. 4.2 and 4.3), and quasi-
steady-state photoluminescence (QSS-PL) (Chap. 4.4) will be investigated. 
Special features and limitations of each technique will be presented and 
analyzed in detail using silicon samples which cover an excess carrier 
lifetime range from several milliseconds to a few microseconds. Parts of 
these findings were published in [145]. 

For a comparison of the excess carrier lifetime measurement techniques used 
throughout this work, five samples with different lifetime characteristics in a large 
excess carrier density range were chosen. 

Calibration of the measured photoluminescence (PL) intensity was performed using 
the self-consistent calibration (Chap. 4.4) for most of the samples. For the sample with 
the lowest excess carrier lifetimes, the calibration was performed by comparing the 
resulting absolute carrier lifetimes with those measured using the QSS-PC technique. 
For the conversion of the measured differential carrier lifetimes of the µW-PCD into 
absolute ones, the iterative simulations described in Chap 4.1 were carried out. As a 
consequence, all presented measured effective carrier lifetimes were independently 
calibrated for the different measurement techniques, except for one of the lower 
lifetime samples, allowing for an unbiased comparison of these techniques.  

11.1.1 Comparison on high excess carrier lifetime samples 

In order to obtain silicon samples with high excess carrier lifetimes, a 100 Ω cm n-type 
floatzone (FZ) and a 2.8 Ω cm p-type FZ sample were passivated using a high-low 
junction (approximately 120 Ω/sq.) with an additional SiO2 layer, which was thermally 
grown. Another high carrier lifetime sample (1 Ω cm p-type FZ) was passivated using 
plasma enhanced chemical vapor deposition (PECVD) SiNx (70 nm) [81]. Due to the 
fact that the high-resistivity 100 Ω cm sample features two surface diffusions, the dark 
conductance is high enough to avoid QSS-PC and TR-PC measurement artifacts 
because of a non-linearity of the photoconductance calibration [146]. 
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The resulting measurement data for the three different samples with the four lifetime 
measurement techniques are shown in Fig. 11.1 – Fig. 11.3. For each sample, the 
intrinsic limit is included, which is composed of the radiative recombination 
(eq. (2.39)) and the Auger recombination (eq. (2.40)). In order to point out the 
necessity to convert the differential excess carrier lifetimes measured by the µW-PCD 
into absolute ones, both data sets are included as well. For the ease of comparability all 
following graphs are presented on the same scale. 

 
Fig. 11.1: Effective excess carrier lifetimes of a 100 Ω cm n-type FZ sample 

measured using the four different carrier lifetime measurement techniques.  

 
Fig. 11.2: Effective excess carrier lifetimes of a 2.8 Ω cm p-type FZ sample measured 

using the four different carrier lifetime measurement techniques. 
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Fig. 11.3: Effective excess carrier lifetimes of a 1 Ω cm p-type FZ sample measured 

using the four different carrier lifetime measurement techniques. 

Looking at the measurement results, the QSS-PC and TR-PC measurement data agree 
very well for all three samples. With the QSS-PC slightly higher maximum injection 
densities can be reached compared to the TR-PC technique. For the QSS-PL 
measurements the self-consistent calibration was easily possible for all investigated 
samples, giving excellent aligned results compared to the QSS-PC and TR-PC. 
Combining the results of the QSS-PC and QSS-PL data, seven orders of magnitude for 
the excess carrier density are accessible, giving a wide range of data for subsequent 
analysis. Please note that if the used LED light source was substituted with a more 
powerful laser for the QSS-PL measurements, the accessible injection range could be 
considerably expanded with no drawback for the measurement accuracy. 

The µW-PCD data deviate slightly for two of the samples but still maintaining the 
overall shape of the injection-dependent curve, while a large discrepancy for the 
100 Ω cm n-type sample is observed, whose origin is unclear so far.  

The samples being passivated with a high-low junction and SiO2 show almost no 
injection-dependence of the effective carrier lifetime (except for the Auger decrease at 
high injection densities), while the effective carrier lifetime of the SiNx passivated 
sample decreases by more than one order of magnitude for very low injection 
densities, meaning that the surface recombination velocity increases drastically [147, 
148]. 

11.1.2 Comparison on low excess carrier lifetime samples 

In order to obtain silicon samples with lower carrier lifetimes, two samples were made 
of Czochralski (Cz) material (degraded state), one out of high quality Cz and the other 
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one of industrial grade Cz material. Both samples had a resistivity of 1.3 Ω cm and 
were passivated with a 70 nm PECVD SiNx layer. 

 
Fig. 11.4: Effective excess carrier lifetimes of a 1.3 Ω cm p-type high quality Cz 

sample measured using the four different carrier lifetime measurement 
techniques. 

 
Fig. 11.5: Effective excess carrier lifetimes of a 1.3 Ω cm p-type industrial grade Cz 

sample measured using the four different carrier lifetime measurement 
techniques. The QSS-PL data have been calibrated based on the measured 
QSS-PC data. 

For the high-quality Cz sample (Fig. 11.4) the QSS-PC and QSS-PL technique again 
agree very well, covering a broad injection range of approximately seven orders of 
magnitude. The TR-PC data deviate significantly from these data, especially at lower 
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injection densities and should not be used with such lower lifetime samples. This 
deviation can easily be understood since the flash time constant is not small enough in 
comparison to the measured carrier lifetime, rendering the transient approximation 
invalid. The µW-PCD data deviate slightly from the QSS-PC data, but the overall 
shape of the curve is maintained. 

Below an injection density of approximately 5×1013 cm-3 the QSS-PC and µW-PCD 
data seem to flatten out (probably due to trapping of minority carriers (see Chap. 4.5)), 
while the QSS-PL data continue to decrease by more than one magnitude due to the 
insufficient passivation quality of the used SiNx layer at very low injection densities. 

In Fig. 11.5 the measurement data for the lower lifetime industrial grade Cz material 
are presented. Again, the TR-PC data deviate significantly from the QSS-PC data, 
which in turn agree quite well with the µW-PCD data. It was not possible to calibrate 
the PL signal using the self-consistent method, which is shown in Fig. 11.6. 

 
Fig. 11.6: Effective excess carrier lifetimes of the 1.3 Ω cm p-type industrial grade Cz 

sample showing the problems when trying to perform a self-consistent 
calibration of the QSS-PL data. The differences result from the limited 
bandwidth of the used preamplifier on the one hand and from the need to 
use high excitation frequencies on the other hand. To obtain a reliable 
calibration, the PL signal was calibrated based on the QSS-PC 
measurement data. 

Due to the limited bandwidth of the used preamplifier for the PL signal, the PL 
measurement signal gets distorted, what can be seen from the different resulting curves 
for different settings for the used excitation frequency (fSC) when performing the self-
consistent calibration. One solution would be to lower the excitation frequency so that 
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the bandwidth of the preamplifier is not affecting the signal anymore. However, the 
excitation frequency cannot be lowered that much due to the fact that the sample has to 
be partly in transient mode for the self-consistent calibration to work. To avoid these 
problems, the PL signal was calibrated for this sample by comparing the calculated 
effective lifetimes with those measured by the QSS-PC method. This behavior has 
been observed with many other samples with carrier lifetimes below approximately 
100 µs at an injection density of 1×1014 cm-3. 

Below an injection density of 1×1014 cm-3 the measurement artifacts of the QSS-PC 
and the TR-PC due to trapping of minority carriers are obvious. The µW-PCD data are 
thought to be less prone to these artifacts due to the use of an external bias light, which 
drains the trap centers continuously. Since the QSS-PL is not affected by these artifacts 
in principle (see Chap. 4.5), the true effective carrier lifetimes can again be measured 
for very low injection densities. 

Since the maximal reachable injection density for PL measurements is only limited by 
the used illumination source, substituting the used LED with an appropriate laser 
system would greatly improve the accuracy of the PL calibration, since it could be 
aligned to highly reliable PC data from the mid or high injection range. 

11.1.3 Conclusion 

Four different techniques for determining the effective excess carrier lifetime of silicon 
samples were investigated. The commonly used quasi-steady-state photoconductance 
(QSS-PC) and the microwave-detected photoconductance decay (µW-PCD) were 
compared in detail with the transient photoconductance (TR-PC) and the recently 
introduced quasi-steady-state photoluminescence (QSS-PL).  

Five different samples, covering a large carrier lifetime range from several 
milliseconds to a few microseconds were used for this in-depth analysis. 

For silicon samples with high carrier lifetimes (> 200 µs at 1×1014 cm-3), all four 
investigated lifetime measurement techniques agree very well. Only for one sample the 
µW-PCD data deviated significantly. The combined data from the QSS-PC and (self-
consistent calibrated) QSS-PL measurements resulted in a wide injection range of 
seven orders of magnitude to be accessible. 

For silicon samples with lower carrier lifetimes (< 100 µs at 1×1014 cm-3), the TR-PC 
measurement technique cannot be used due to the not fast enough decaying flash 
intensity, while again the others (QSS-PC, QSS-PL and µW-PCD) agree very well. 
Care has to be taken when trying to do a self-consistent calibration of the PL signal on 
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such samples, since the limited bandwidth of the preamplifier can disturb these 
measurements. 

As had been observed before, the measurements artifacts that influence 
photoconductance-based lifetime measurements at low injection densities are not 
observed for the photoluminescence-based technique. This important advantage can be 
used in order to reach very low injection densities (< 1x1010 cm-3) for a subsequent in-
depth analysis of the injection-dependent carrier lifetime. 

11.1.4 Best practice 

Having investigated many samples with different characteristics using the different 
measurement methods, the following rules of thumb may help the interested reader for 
reliable carrier lifetime measurements at room temperature. For the following 
summary, silicon samples with a sufficient surface passivation are assumed. In general, 
photoconductance-based methods may be affected by measurement artifacts at low 
injection densities leading to artificially high carrier lifetimes. Additional information 
may also be found in [149]. 

Tab. 11.1: Measurement guidance for QSS-PC & TR-PC measurements.  

QSS-PC & TR-PC using WCT-100 / WCT-120 from Sinton Consulting 

Sample 
Optical 
constant 

Estimated 
measurement

error 

Additional measurements / 
Remarks 

High carrier 
lifetimes 

Reliable < 10 % QSS-PL for low injection range 

 
Unreliable / 
unknown 

> 10 % 
TR-PC, QSS-PL (self-consistent), 
QSS-PL for low-injection range 

Low carrier 
lifetimes 

Reliable < 10 % 
QSS-PL for low injection range 
(depending on QSS-PC 
calibration) 

 
Unreliable / 
unknown 

> 10 % 
µW-PCD,  
Error should be kept in mind 
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Tab. 11.2: Measurement guidance for QSS-PL measurements. 

QSS-PL 

Sample 
Self-

consistent 
calibration 

Estimated 
measurement

error 

Additional measurements / 
Remarks 

High carrier 
lifetimes 

Possible < 10 % 
Very reliable measurement, QSS-
PC to check consistency 

Low carrier 
lifetimes 

Not possible 
Error from 
QSS-PC 

Depends in calibration / error of 
QSS-PC measurement 

 

Tab. 11.3: Measurement guidance for µW-PCD measurements. 

µW-PCD 

Sample Measurements 
Measurement 

time 
Remarks 

All carrier 
lifetimes 

One injection 
density 

Fast 
measurement 

Injection-dependence and 
possible artifacts unknown 

 
Complete 
injection-
dependence 

Very time 
consuming 

Simulation-based corrections 
necessary 
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11.2 Lifetime spectroscopy vs. deep-level transient spectroscopy 

Having introduced the deep-level transient spectroscopy (DLTS) and lifetime 
spectroscopy (LS) in theory (Chap. 3, 5.1 and 6) and the experimental setup 
(Chap. 4 and 5.3), in this section the underlying physical measurement 
principles will be compared and the consequences regarding measurement 
capabilities and restrictions will be drawn. 

11.2.1 Physical properties of defect parameters 

A defect center can be mono- or multivalent. The former characterizes a defect center 
which can appear in exactly two different states leading to one energy level within the 
band gap, while for the latter multiple states are possible leading to several distinct 
energy levels within the band gap. A common example for a monovalent defect center 
is interstitial iron, whose charge states are neutral and positively charged, leading to 
one single donor level within the band gap. If this interstitial iron is paired with 
substitutional boron, a completely new defect configuration occurs. This paired defect 
configuration is multivalent, having a neutral, positively charged and negatively 
charged appearance, leading to a donor level and an acceptor level within the band 
gap. 

Tab. 11.4: Overview of the different defect states common for metallic impurities in 
silicon.  

Defect level 
State 1 

(captures 
electrons) 

State 2 
(captures 

holes) 

Impact on 
capture cross 

sections 

Double acceptor aa − − − 

Acceptor a 0 − 
σn < σp 

Donor d + 0 

Double donor dd + + + 
σn > σp 

 

In general, donor levels alternate between a positively charged and a neutral state, 
while double donor levels alternate between a two-times positively charged and a 
positively charged. The same holds for acceptor and double acceptor levels, alternating 
between a neutral and a negatively charged or a negatively charged and a two-times 
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negatively charged, respectively. Looking at a donor level, the positively charged state 
is more attractive to electrons than the neutral state is for holes, resulting in a larger 
capture cross section for electrons than for holes (σn > σp , k > 1). The opposite trend 
holds for acceptor defect levels. These implications are summarized in Tab. 11.4.  

Lemke [131] observed that the behavior of the different transitional metals depends 
mainly on the number of outer electrons N, given by the sum of the s and d electrons of 
the free atom. Transition metals with 9 ≤ N ≤12 are likely to be substitutional, while on 
the other hand transition metals with 3 ≤ N ≤8 are likely to be interstitial. Due to the 
partly filled sp-shells of interstitial metals, a donor-like behavior is likely, while for 
substitutional metals an acceptor-like behavior is likely because of their nearly filled 
outer shells. 

It can thus be summarized that transitional metals with 3 ≤ N ≤8 tend to be located on 
interstitial sites within the silicon lattice, act donor-like and hence have a symmetry 
factor k > 1. On the other hand, transitional metals with 9 ≤ N ≤12 tend to be located 
on substitutional sites within the silicon lattice, act acceptor-like and hence have a 
symmetry factor k < 1. There are of course exceptions for this general rule, however, 
the known acceptor states of interstitially located transitions metals are mostly quite 
shallow [107] and are hence unlikely to dominate the recombination activity under 
most circumstances. These trends were compared with experimental data from 
literature for various transition metals by Macdonald [150], which generally agree with 
these general rules. 

Furthermore, for every defect level within the band gap, there exist excited states in 
addition to the ground state (see Fig. 11.7). From a hydrogen atom it is known that an 
ionization energy of EI = 13.6 eV is necessary in order to remove the electron from the 
isolated atom. Besides that there exist numerous excited states, for example the eight 
2s and 2p states, the eighteen 3s, 3p and 3d states and so on. It is not that this analogy 
between an isolated hydrogen atom and a defect center within the silicon lattice should 
be overstretched, but Shifrin [31] was able to show that defect centers exhibit excited 
states within the silicon band gap. 

Fig. 11.7 shows the ground state and the excited states of a donor-like defect center. 
For an acceptor-like defect center the excited states would be located between ground 
state and valence band. The excited states of a defect center are difficult to determine 
experimentally, due to the fact that most characterization methods measure the 
transition from state 1 and state 2. However, the electronic configuration stays the 
same if a valence electron from the ground state transits into an excited state.  
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Fig. 11.7: Ground state and excited states of a donor-like defect center. 

One possibility to access the energy levels of the excited states would be to use a 
modified DLTS technique. After filling the ground state of the defect center with 
electrons using a fill pulse, transitions between the ground state and one distinct level 
of the excited state could be induced using a coupled laser with the appropriate 
frequency. Afterwards the electrons are emitted from the exited state into the 
conduction band. By using this technique, the defect parameters of the excited state 
would be accessible. More information about excited states of defect centers can also 
be found in [31]. 

The energy depth, which is the distance of the defect level to the conduction band or 
valence band, (of the ground state) of the defect center is being determined by the 
ionization energy of the defect atom. If the defect atom was not located within the 
silicon lattice but in free space, the bond energy of the outer electron would be needed 
in order to ionize the atom. Iron, for example, has a first ionizing energy of 7.903 eV. 
If this same atom is located within the silicon lattice, this bond energy is strongly 
reduced. For iron it is reduced to 0.38 eV [120]. Two reasons may be given for that. 

Firstly, the electrostatic potential that an electron experiences has to be reduced by the 
permittivity ε of the semiconductor. For silicon this is ε = 11.9. Please note that the use 
of macroscopic electrostatics is justified since the wave function of the electron is 
expanded for several hundreds Angstrom. 

Secondly, the bond energy is reduced due to the fact that the electron within the silicon 
lattice can be described by the energy momentum relationship of free space, if the 
electron rest mass m0 is substituted by the effective mass me*. In silicon this effective 
electron mass can be calculated using the transversal effective mass mt* and the 
longitudinal effective mass ml* according to 
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At room temperature the effective electron mass is me*(300 K) = 0.33 m0. For these 
calculations the transversal and longitudinal effective masses from eq. (2.8) and (2.9) 
were used. Please note that generally the effective electron mass (eq. (11.1)), the 
density-of-states effective mass of electrons in the conduction band (eq. (2.7)) and the 
thermal effective electron mass (eq. (2.12)) have to be distinguished from another. 

11.2.2 Theoretical comparison of lifetime spectroscopy and deep-level transient 
spectroscopy 

After the physical meanings of the two defect parameters energy depth and capture 
cross section were analyzed in the previous section, the resulting consequences for 
measurements using deep-level transient spectroscopy (DLTS) and lifetime 
spectroscopy (LS) will be investigated in this section. Tab. 11.5 summarizes the 
characteristic properties and parameters for both measurement techniques. 

The underlying physical processes on which the DLTS and the LS are based on are 
quite different, what is pointed out in Fig. 11.8 (without loss of generality for a defect 
center in the upper band gap half of an n-type semiconductor). For the DLTS, the 
defect centers are filled in a first sub-process by majority carriers by applying a fill 
pulse. They remain there throughout the complete duration of the fill pulse since the 
defect level is located below the Fermi level during this process. After switching off 
the fill pulse the Fermi level is lowered below the defect level, followed by a thermal 
reemission into the band of the majority carriers. 

For the lifetime spectroscopy, excess carriers are generated, what is carried out mostly 
using optical excitation. The decay of these generated excess carriers is monitored 
using different techniques, for example microwave reflectance, photoconductance or 
photoluminescence. Based on the measured decay of the excess carriers, the effective 
lifetime of these can be calculated. In Fig. 11.8 the recombination via a defect center 
within the band gap of a semiconductor is depicted. This recombination is also known 
as SRH recombination (see also Chap 2.2). Both sub-processes, the capture of an 
electron from the conduction band and the emission of this electron into the valence 
band (which can also be described as a capture of a hole from the valence band), 
happen simultaneously.  
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Tab. 11.5: Overview of the characteristic properties and parameters for the 
measurement techniques DLTS and lifetime spectroscopy (LS). σM and σm 
denote the carrier capture cross section of the majority and minority 
carriers, respectively.  

 
Deep-level transient 
spectroscopy (DLTS) 

Lifetime spectroscopy 
(LS) 

Physical process Capture & reemission Recombination 

Measurement signal Capacity 
Photoconductance, 
Photoluminescence 

Calculated quantity Emission rate Excess carrier lifetime 

Varied parameter Temperature 
Temperature,  

Injection density 

Sample preparation 
Schottky and Ohmic 

contact 
Surface passivation 

Defect parameters 
accessible 

Et, σM, Nt Et, k, τn0 

Sensitivity ∝ Nt / Ndop ∝ Nt σm 

 

 
Fig. 11.8: Underlying physical processes for DLTS (left) and LS (right) depicted for 

an n-type semiconductor. The two single processes are temporarily 
separated for DLTS and simultaneous for LS. 
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The measured signal for the DLTS is the time-dependent capacity C(t), measured 
directly at the Schottky contact (or the pn-junction, respectively) for a varying 
temperature T. Using an appropriate evaluation method, the temperature-dependent 
emission rate e(T) can be determined from the capacity transients, from which finally 
the defect parameters can be evaluated. Using standard DLTS analysis, the energetic 
defect level within the band gap Et , the carrier capture cross section of the majority 
carriers σM and the defect concentration Nt can be obtained. Please note that the 
accuracy for the latter two is limited because of an extrapolation of the measurement 
data to unlimited temperatures. 

For lifetime spectroscopy, the time-dependent conductivity σ(t) or photoluminescence 
IPL(t) is used to calculate the density of the excess carriers Δn(t), from which the 
effective lifetime τeff can be calculated. Doing so for varying excitation light intensity, 
the injection dependent effective lifetime τeff(Δn) is measured, using the measured 
generation rate G(t) for quasi-steady-state measurements. In addition to this injection-
dependence of the effective lifetime, the temperature can be controlled using an 
advanced measurement setup incorporating a liquid nitrogen cooled cryostat or some 
other kind of temperature controller. For extraction of the defect parameters, which are 
energy level Et , ratio of the capture cross sections k = σn / σp and the capture time 
constant τn0/p0 = (Nt σn/p vth)-1, these injection- and temperature-dependent measure-
ments can be combined in order to get reliable results. For example, a temperature-
dependent measurement of the low-level injection lifetime can be combined with an 
injection-dependent measurement at room-temperature. Or even better, the injection-
dependent lifetime can be measured for different temperatures. 

The DLTS technique is sensitive to the fraction of the impurity concentration to the 
doping concentration Nt / Ndop . The sensitivity limit for standard DLTS measurement 
equipment lies in the range of Nt / Ndop = 10-5. Besides this so-called sample noise the 
apparatus noise is important for the signal to noise ratio of the DLTS measurements, 
which is also proportional to the defect concentration Nt , since it is based on the 
appearing leakage current. In contrast to this Nt-dependence of the DLTS sensitivity, 
lifetime spectroscopy is sensitive to the product of defect concentration and capture 
cross section of the minority carriers σm. This means that recombination active defects 
can be accessed using LS even if they lie below the detection limit of the DLTS.  

A comparison of the accessible defect parameters for DLTS and LS shows that neither 
technique can be used in order to characterize a defect level completely. While 
standard DLTS cannot access the minority carrier capture cross section, LS is not 
sensitive to the single carrier capture cross sections or to the defect concentration 
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separately. However, LS is sensitive to the actual recombination channels which limit 
the material quality and hence the conversion efficiency of the solar cell, while from 
DLTS measurements the impact for material quality cannot be decided.  

In summary, it can be concluded that DLTS is the workhorse for analyzing the defect 
parameters of point-like defects in silicon, while lifetime spectroscopy has special 
advantages for accessing the defect centers which actually limit the material quality 
and hence the solar cell efficiency. A combination of both methods can result in a 
defect level to be fully characterized. 

11.3 Summary and comparison of experimental results 

The defect parameters of the different point-like impurities which were determined 
within this work are summarized in Tab. 11.6.  

Manganese-related defect levels in p-type silicon were investigated in Chap. 7. For the 
manganese-boron defect configuration (MnB), DLTS measurements yielded an energy 
level at (EV + 0.55) ±0.02 eV and a majority carrier capture cross section of 
σp = 3.5×10-13 cm2. Combining these results with an IDLS analysis (being based on 
QSS-PC measurements), the minority carrier capture cross section could be determined 
to σn = 2.1×10-12 cm2 (k = 6.0). TDLS measurements (being based on µW-PCD 
measurements) at low temperatures revealed the temperature-dependence of the 
minority carrier capture cross section σ(T) ~ T -1.6, indicating recombination via 
excitonic Auger capture. 

For the interstitial defect configuration of manganese, TDLS measurements at high 
temperatures revealed a defect level located at EC – 0.45 (0.405 – 0.495) eV with a 
ratio of the capture cross sections of k = 9.4 (3.2 – 19.0). Both found defect levels 
correspond very well with values reported in literature. 

From dynamic TDLS measurements, the association time constant of the formation of 
manganese-boron pairs could be determined and can be represented by the expression 
τassoc = 8.3×105 K-1 cm-3 (T / Ndop) exp(0.67 eV / kB T). From these measurements, the 
diffusivity coefficient D0 and the migration enthalpy HM of manganese in silicon was 
determined (in a temperature range from 70°C to 120°C) to be 
D0 = 6.9×10-4 cm2 s-1and HM = 0.67 eV. 
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Tab. 11.6: List of the defect parameters determined in this work. 

Capture cross sections 

Impurity 
Energy level 

(eV) 

Symmetry 
factor 

k σn (cm2) σp (cm2) σ(T) 

Tech- 
niques 

MnB 
EV + 0.55 

(0.53-0.57) 
6.0 2.1×10-12 3.5×10-13 T −1.6 

DLTS, 
IDLS, 
TDLS 

Mni 
EC – 0.45 

(0.405-0.495) 
9.4 

(3.2-19.0) 
    TDLS 

Tideep 
EC – 0.47 

(0.44-0.49)  
13 

(7-21)  
  T −1.22 

TDLS, 
IDLS 

Tishallow 
EC – 0.08 

(0.06-0.13) 
    T −1.70 TDLS 

Al 
EV + 0.44 

(0.42-0.46) 
870 3.1×10-10 3.6×10-13  

DLTS, 
IDLS 

W 
EV + 0.38 

(0.35-0.41) 
  4.8×10-16  DLTS 

 

Titanium-related defect levels in p-type silicon were investigated in Chap. 8. Two 
distinct defect levels were found using TDLS analysis being based on QSS-PL 
measurements and IDLS analysis being based on QSS-PC measurements. For the deep 
defect level, an energy level of EC – 0.47 (0.44 – 0.49) eV with a ratio of the capture 
cross sections of k = 13 (7 – 21) was determined. The temperature-dependence of the 
minority carrier capture cross section was measured to be σ(T) ~ T −1.22.  

For the shallow defect level that titanium introduces into the silicon band gap, in 
accordance with literature reports, an energy level of EC – 0.08 (0.06 – 0.13) eV could 
be determined. The temperature-dependence of the minority carrier capture cross 
section was measured to be σ(T) ~ T −1.70. 

Aluminum-related defect levels in p-type silicon were investigated in Chap. 9. DLTS 
measurements using two different measurement setups yielded an energy depth of 
(EV + 0.44) ±0.02 eV and a majority carrier capture cross section of 
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σp = 3.6×10-13 cm2. Combining these results with an IDLS analysis (being based on 
QSS-PC measurements), the minority carrier capture cross section could be determined 
to σn = 3.1×10-10 cm2 (k = 870). 

Tungsten-related defect levels in p-type silicon were investigated in Chap. 10. Using 
DLTS measurements, an energy depth of (EV + 0.38) ±0.03 eV and a majority carrier 
capture cross section of σp = 4.8×10-16 cm2 could be extracted. Comparing these values 
with recent values determined by T-IDLS, namely (EV + 0.34) ±0.02 eV and k = 9.6, a 
small discrepancy between the two measurement methods is existent. 

 

 

 





 

 

12 Conclusions 
The present work was concerned with the analysis of electrically active defects in 
silicon for solar cells. Analysis of such defects was performed using the two different 
characterization techniques deep-level transient spectroscopy and lifetime 
spectroscopy. The challenge of the present work was the in-depth comparison of the 
different measurement and evaluation techniques as well as the experimental use of 
these techniques for accessing the defect parameters of various impurities in silicon 
material. 

The spectroscopic evaluation of the injection- and temperature-dependent excess 
carrier lifetime is based on a reliable measurement. Different physical mechanisms can 
be utilized for accessing the excess carrier lifetime. Photoconductance-based 
measurements are well-established but are prone to measurement artifacts due to 
trapping of minority carriers and depletion region modulation at low injection 
densities. Recently, photoluminescence-based excess carrier lifetime measurements 
emerged, allowing for reliable measurements of the excess carrier lifetime even at very 
low injection densities. These excess carrier lifetime data, acquired in a wide injection 
range, are fundamental for the subsequent analysis of the underlying defect parameters 
using advanced lifetime spectroscopy. 

 
Fig. 12.1: Schematic of the effect of photon reabsorption. The longer the path is for 

the photoluminescence photons within the silicon sample, the more get 
reabsorbed, reducing the detectable photoluminescence light intensity. 

However, the effect of photon reabsorption complicates temperature-dependent 
measurements of the excess carrier lifetime using the photoluminescence-based 
measurement technique (see Fig. 12.1). Within this work, it was possible to derive a 
carrier lifetime and temperature-dependent correction matrix, which allows for reliable 
measurements of the excess carrier lifetime in a large temperature range. This 
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correction matrix is developed from analytical findings based on the generalized 
Planck radiation law as well as from subsequent numerical simulations of the 
measurable photoluminescence radiation.  

Based on the findings of the temperature-dependent photon reabsorption, the 
coefficient of radiative recombination was investigated in detail using the 
photoluminescence-based measurement technique. These measurements were 
independent of the intrinsic carrier concentration and were found to give a good 
correlation with values reported in literature. 

By means of different intentionally titanium-contaminated p-type silicon samples the 
reliability of the temperature-dependent photoluminescence-based measurements was 
investigated. A sound agreement between the different samples was observed, showing 
the good accuracy of the derived correction due to photon reabsorption. For the 
titanium-related defect levels, these temperature-dependent photoluminescence 
measurements, in conjunction with injection-dependent photoconductance 
measurements, resulted in an identification of two related defect levels. One shallow 
defect level was either found to be located in the band gap half of the minority carriers 
at EC - Et = 0.08 (+0.05, −0.02) eV, or in the band gap half of the majority carriers at 
EC - Et = 1.024 (+0.006, –0.007) eV. Comparison with literature values measured by 
means of deep-level transient spectroscopy strongly suggests the solution being located 
in the band gap half of the minority carriers and thus representing the true defect 
parameters. The deeper titanium-related defect level of these samples was 
unambiguously found to be located in the band gap half of the minority carriers at an 
energy depth of EC - Et = 0.47 (+0.02, −0.03) eV with a corresponding symmetry 
factor of k = 13 (+8, −6). Since no such deep defect level has been observed in 
literature so far, it is not very likely that this deep defect center found out here is also 
related to interstitial titanium. A comparison with literature values suggest a cross-
contamination of the samples with vanadium or chromium, both having a defect level 
being located at EC - Et = 0.45 eV. 

With intentionally manganese-contaminated p-type silicon samples, two different 
defect configurations were found, depending on the temperature and the illumination 
conditions of the sample. For the interstitial defect configuration of manganese, 
temperature-dependent lifetime measurements at high temperatures revealed a defect 
level located at EC – Et = (0.45 ± 0.05) eV with a ratio of the capture cross sections of 
k = 9.4 (+9.6, -6.2). Concerning the defect related to manganese-boron pairs, deep-
level transient spectroscopy measurements below room temperature unambiguously 
identified the deep defect level to be located at an energy level of 
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Et - EV = (0.55 ± 0.02) eV with a majority carrier capture cross section of 
σp = 3.5×10-13 cm2. From injection-dependent lifetime spectroscopy measurements the 
corresponding symmetry factor k = σn/σp , could be determined to k = 6.0 (implying 
σn = 2.1×10-12 cm2). From dynamic temperature-dependent excess carrier lifetime 
measurements with changing illumination and temperature, the temperature-dependent 
association time constant of the formation of manganese-boron pairs could be 
determined and can be represented by the expression 
τassoc = 8.3×105 K-1 cm-3 (T / Ndop) exp(0.67 eV / kB T). From these measurements, the 
diffusivity coefficient D0 and the migration enthalpy HM of manganese in silicon were 
determined (in a temperature range from 70°C to 120°C) to be D0 = 6.9×10-4 cm2 s-1 
and HM = 0.67 eV. Compared with literature values for the diffusivity, this is two times 
faster than expected, but in perfect analogy to the findings with iron-boron pairs, with 
regard to similar experimental techniques. 

The combined application of deep-level transient spectroscopy and injection-
dependent lifetime spectroscopy is an efficient way to obtain the defect parameters of 
the lifetime-limiting defect in intentionally aluminum-contaminated p-type silicon. 
From the various energy levels reported in literature, we identified by means of deep-
level transient spectroscopy one single energy level at an energy depth of 
Et - EV = (0.44 ± 0.02) eV with a majority carrier capture cross section of 
σp = 3.6×10-13 cm2 (at T = 200 K). The corresponding symmetry factor k can be 
determined from injection-dependent excess carrier lifetime measurements and was 
determined to be k = 870. The minority carrier capture cross section can be calculated 
as σn = 3.1×10-10

 cm2, wherefore a temperature-independent symmetry factor was 
assumed. 

DLTS measurements of an intentionally tungsten-contaminated p-type silicon sample 
resulted in an extracted deep defect level of Et - EV = (0.38 ± 0.03) eV with a majority 
carrier capture cross section of σp = 4.8×10-16

 cm2. 

The photoluminescence-based excess carrier lifetime measurement technique was 
found to be an excellent complement to the widely established photoconductance-
based measurement technique. For samples with high excess carrier lifetimes, 
photoluminescence measurements can be carried out independent of other 
measurement techniques, while the photoluminescence signal has to be calibrated 
using other techniques for samples with low carrier lifetimes. Overall, an excellent 
agreement between the different investigated excess carrier lifetime measurement 
techniques was found. 
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Having investigated and certified the accuracy of the photoluminescence technique, 
new challenges can be approached using this approach. Recently we proposed a 
method for measuring the excess carrier lifetime of epitaxial layers of crystalline thin-
film solar cells [151, 152], for which a patent is filed. This is all the more important 
since established techniques are not capable of measuring the excess carrier lifetimes 
of multi-layer samples reliably so far. Investigating different kinds of semiconductor 
materials using variable types of photoluminescence sensors promises interesting 
insights and results, too. 

Finally, the physically different defect characterization methods, deep-level transient 
spectroscopy and lifetime spectroscopy, were analyzed and compared in detail. Due to 
the fact that with none of the methods the defect parameters of an electrically active 
defect level can be accessed completely, it was found that the combination of different 
methods is largely beneficial. On the one hand, deep-level transient spectroscopy is 
effective in determining the energy level and (with limited accuracy) the carrier 
capture cross section of the majority carriers. Furthermore, the defect concentration 
can be estimated using this well-established technique. On the other hand, lifetime 
spectroscopy determines the actual recombination strength of the defect levels 
dominating the samples performance, making the defect energy and the ratio of the 
carrier capture cross sections accessible. Especially if being based on 
photoluminescence measurements, reliable results for these defect parameters can be 
gained. Throughout this work, these different defect characterization techniques were 
applied successfully to different intentionally contaminated silicon samples. 

Tab. 12.1: Summary of the investigated defects and their respective energy levels 
within the silicon band gap. The samples have been investigated by means 
of deep-level transient spectroscopy (DLTS) and lifetime spectroscopy 
(LS). A more detailed compilation may be found in Tab. 11.6. 

Impurity Energy level (eV) Techniques 

Manganese-Boron (MnB) EV + 0.55 DLTS, LS 

Interstitial manganese (Mni) EC – 0.45 LS 

Titanium, shallow level (Tishallow) EC – 0.08 LS 

Titanium, deep level (Tideep) EC – 0.47 LS 

Aluminum (Al) EV + 0.44 DLTS, LS 

Tungsten (W) EV + 0.38 DLTS 
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14 Appendix 

14.1 Abbreviations 

 

Variable Meaning 

Al Aluminum 

DLTS Deep-level transient spectroscopy 

DPSS Defect parameter solution surface 

EQE External quantum efficiency 

e Electron 

GaAs Gallium-Arsenide 

Ge Germanium 

γ Photon 

h Hole 

IDLS Injection-dependent lifetime spectroscopy 

Mn Manganese 

µW-PCD Microwave-detected photoconductance decay 

PC Photoconductance 

PECVD Plasma enhanced chemical vapor deposition 

PL Photoluminescence 

QSS-PC Quasi-steady-state photoconductance 

QSS-PL Quasi-steady-state photoluminescence 

SC Semiconductor 

Si Silicon 

SiO2 Silicon Dioxide 

SiNx Silicon Nitride 

SRH Shockley, Read, Hall 

TDLS Temperature-dependent lifetime spectroscopy 
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Ti Titanium 

T-IDLS Temperature- and injection-dependent lifetime spectroscopy 

TR-PC Transient photoconductance 

W Tungsten 
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14.2 Glossary 

 

Variable 
(Usual) 
Dimension 

Meaning 

A m2 Area 

Ai W m s PL calibration constant 

B cm3 s-1 Coefficient of radiative recombination 

C F Capacity 

C0 F Capacity in thermal equilibrium 

qχ eV Electron affinity 

D cm2 s-1 Diffusion coefficient 

E eV Energy 

EC eV Lowest energy in the conduction band 

EF eV Fermi level 

Eg eV Band gap 

en s-1 Electron emission rate 

ep s-1 Hole emission rate 

EV eV Highest energy in the valence band 

ε  Permittivity 

εF,e eV Electron quasi Fermi level 

εF,h eV Hole quasi Fermi level 

qφm eV Metal work function 

qφSC eV Semiconductor work function 

G cm-3 s-1 Generation rate 

η eV Separation of quasi Fermi levels 

IPL W/m2 Photoluminescence intensity 

k  Ratio of the carrier capture cross sections;  
Symmetry factor 

Leff cm Diffusion length of excess carriers 
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λ nm Wavelength 

mde* kg Density-of-states effective electron mass 

mdh* kg Density-of-states effective hole mass 

me* kg Effective electron mass 

mh* kg Effective hole mass 

mth,e* kg Thermal effective electron mass 

mth,h* kg Thermal effective hole mass 

μn cm2 V-1 s-1 Electron mobility 

μp cm2 V-1 s-1 Hole mobility 

NA cm-3 Acceptor doping concentration 

NC cm-3 Effective density of states in the conduction band 

ND cm-3 Donator doping concentration 

Ndop cm-3 Doping concentration 

Nt cm-3 Defect concentration 

NV cm-3 Effective density of states in the valence band 

n cm-3 Electron density 

n0 cm-3 Electron density in thermal equilibrium 

n1 cm-3 Electron SRH density 

ni cm-3 Intrinsic carrier density 

nSi  Refractive index of silicon 

nT cm-3 Density of occupied defect centers 

Δn cm-3 Electron excess carrier density 

p cm-3 Hole density 

p0 cm-3 Hole density in thermal equilibrium 

p1 cm-3 Hole SRH density 

Δp cm-3 Hole excess carrier density 

Rf  Front-side reflections 

S cm/s Surface recombination velocity 

ρ  Ω cm Specific resistance 
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σ Ω-1 m-1 Conductivity 

σM cm2 Majority carrier capture cross section 

σm cm2 Minority carrier capture cross section 

σ cm2 Carrier capture cross section 

σn cm2 Electron carrier capture cross section 

σp cm2 Hole carrier capture cross section 

T K Absolute temperature 

t s Time 

τ s Excess carrier lifetime 

τeff s Effective excess carrier lifetime 

τn0 s Electron time constant 

τp0 s Hole time constant 

U cm-3 s-1 Net recombination rate 

Vbi V Built-in voltage 

Vext V External voltage 

vth,e cm/s Thermal electron velocity 

vth,h cm/s Thermal hole velocity 

w m Sample thickness 
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14.3 Physical constants 

 

Variable Value [153] Dimension Meaning 

c 299 792 458 m / s Speed of light in vacuum 

ε0 8.854 187 817…×10-12 F / m Electric constant 

h 4.135 667 27(16)×10-15 eV s Planck constant 

kB 1.380 6504×10-23 J / K Boltzmann constant 

m0 9.109 382 15×10-31 kg Electron rest mass 

q 1.602 176 462(63)×10-19 C Elementary charge 
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16 Deutsche Zusammenfassung 
Die vorliegende Arbeit behandelte die Analyse von elektrisch aktiven Defekten in 
Silicium für Solarzellen. Diese Analyse wurde durchgeführt mit den Methoden der 
Deep-level transient spectroscopy und der Lebensdauerspektroskopie. Das Ziel dieser 
Arbeit war sowohl der ausführliche Vergleich dieser unterschiedlichen Mess- und 
Auswertemethoden, als auch das experimentelle Anwenden dieser Methoden, um die 
Defektparameter verschiedener metallischer Verunreinigungen zu bestimmen. 

Die spektroskopische Auswertung der temperatur- und injektionsabhängigen 
Ladungsträgerlebensdauermessung basiert auf einer verlässlichen Messung eben 
dieser. Verschiedene physikalische Größen können gemessen werden, aus denen sich 
die Ladungsträgerlebensdauer ableiten lässt. Photoleitfähigkeitsbasierte Messungen 
sind weit verbreitet, sind aber anfällig gegenüber Messartefakten bei kleinen 
Überschussladungsträgerkonzentrationen. Die neuartige Messmethode der photo-
lumineszenzbasierten Lebensdauermessung ist immun gegenüber diesen 
Ungenauigkeiten, wodurch die Ladungsträgerlebensdauer auch bei sehr kleinen 
Überschussladungsträgerkonzentrationen verlässlich bestimmt werden kann. Der große 
Messbereich der injektionsabhängigen Ladungsträgerlebensdauer ermöglicht nun die 
verlässliche Analyse der zugrundeliegenden Defektparameter mit den Methoden der 
Lebensdauerspektroskopie. 

 
Abb. 16.1: Schema des Effektes der Photonenreabsorption. Je länger der Weg der 
Photolumineszenz-Photonen innerhalb des Siliciumprobe ist, desto mehr werden 
reabsorbiert, was zu einer Verringerung der zu messenden Photolumineszenz-
Intensität führt. 

Allerdings beeinflusst der Effekt der Photonenreabsorption die temperaturabhängige 
Messung der Ladungsträgerlebensdauer bei photolumineszenzbasierten Messtechniken 
(siehe Abb. 16.1). Im Rahmen dieser Arbeit konnte eine ladungsträgerlebensdauer- 
und temperaturabhängige Korrekturmatrix erarbeitet werden, mit welcher eine 
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verlässliche Bestimmung der temperaturabhängigen Ladungsträgerlebensdauer 
gewährleistet ist. Diese Korrekturmatrix kann mittels numerischer Berechnungen 
ausgehend von der generalisierten Planck’schen Gleichung für beliebige Proben 
bestimmt werden. 

Basierend auf den Ergebnissen der temperaturabhängigen Photonenreabsorption des 
photolumineszenzbasierten Messverfahrens wurde nachfolgend der Koeffizient der 
direkten Rekombination eingehend untersucht. Die dazu durchgeführten Messungen 
waren unabhängig von der intrinsischen Ladungsträgerkonzentration, womit 
Literaturdaten unabhängig verifiziert werden konnten. 

Mittels verschiedener, absichtlich mit Titan verunreinigter p-Typ Siliciumproben 
wurde die Verlässlichkeit der temperaturabhängigen Photolumineszenzmessungen 
eingehend untersucht. Eine gute Übereinstimmung der Ergebnisse der verschiedenen 
Proben wurde beobachtet, wodurch die Richtigkeit der Korrektur aufgrund von 
Photonenreabsorption bestätigt werden konnte. Mittels temperaturabhängiger Photo-
lumineszenz- und injektionsabhängiger Photoleitfähigkeitsmessungen konnten zwei 
unabhängige Defektniveaus für Titan in Silicium bestimmt werden. Für das flachere 
Defektniveau kommen zwei Möglichkeiten in Frage: In der Bandhälfte der 
Minoritätsladungsträger bei einem Energieniveau von EC - Et = 0,08 (+0,05; -0,02) eV, 
oder aber in der Bandhälfte der Majoritätsladungsträger bei einem Energieniveau von 
EC - Et = 1,024 (+0,006; -0,007) eV. Ein Vergleich mit Literaturdaten, gemessen 
mittels Deep-level transient spectroscopy, zeigt, dass der flache Defekt in der 
Bandhälfte der Minoritätsladungsträger weitaus wahrscheinlicher ist. Ein tiefes 
Defektniveau der Proben konnte eindeutig in der Bandhälfte der Minoritäts-
ladungsträger bei einer Energie von EC - Et = 0,47 (+0,02; -0,03) eV nachgewiesen 
werden. Der zugehörige Symmetriefaktor konnte zu k = 13 (+8; -6) bestimmt werden. 
Da bisher in der Literatur kein solch tiefer Defekt für Titan in Silicium gefunden 
wurde, liegt die Vermutung nahe, dass es sich hier um eine weitere, nicht gewünschte 
Verunreinigung der Proben, zum Beispiel mit Vanadium oder Chrom, handeln könnte. 

Eingehend wurden auch mit Mangan verunreinigte p-Typ Siliciumproben untersucht. 
Dabei wurden zwei unterschiedliche Defektkonfigurationen gefunden, je nach 
Temperatur und Beleuchtungssituation. Für die interstitielle Defektkonfiguration, 
welche sich durch starke Beleuchtung oder hohe Temperaturen der Probe ergibt, 
konnte durch temperaturabhängige Lebensdauermessungen ein Defektniveau von 
EC - Et = (0,45 ± 0,05) eV mit einem Symmetriefaktor von k = 9,4 (+9,6; -6,2) 
bestimmt werden. Für die aus Mangan-Bor-Paaren bestehende Defektkonfiguration 
konnte mittels Deep-level transient spectroscopy bei tiefen Temperaturen zweifelsfrei 
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ein Defektniveau in der Mitte der Bandlücke bei Et - EV = (0,55 ± 0,02) eV und der 
Einfangquerschnitt der Majoritäten zu σp = 3,5×10-13 cm2 bestimmt werden. Durch 
injektionsabhängige Messungen bei Raumtemperatur konnte der zugehörige 
Symmetriefaktor zu k = 6,0 (woraus σn = 2,1×10-12 cm2 folgt) bestimmt werden. 
Mittels dynamischer temperaturabhängiger Lebensdauermessungen mit variierender 
Beleuchtung und Temperatur konnte die temperaturabhängige Zeitkonstante der 
Mangan-Bor-Paarbildung ermittelt werden. Diese kann durch den Ausdruck 
τassoc = 8,3×105 K-1 cm-3 (T / Ndop) exp(0,67 eV / kB T) beschrieben werden. Durch 
diese Messungen konnte ebenfalls der Diffusionskoeffizient von Mangan D0 und die 
Migrationsenthalpie HM bestimmt werden (in einem Temperaturbereich von 70°C bis 
120°C): D0 = 6,9×10-4 cm2 s-1 und HM = 0,67 eV. Vergleicht man diesen Wert mit 
Diffusivitätsdaten aus der Literatur, so ist der im Rahmen dieser Arbeit ermittelte Wert 
um den Faktor zwei größer als erwartet, aber in sehr guter Übereinstimmung mit dem 
Ergebnis von Eisen-Bor-Paaren, welches mit ähnlichen Messmethoden bestimmt 
wurde und bei dem diese Abweichung ebenfalls auftritt. 

Mittels kombinierter Deep-level transient spectroscopy und injektionsabhängiger 
Lebensdauermessungen konnten die Defektparameter von absichtlich mit Aluminium 
verunreinigten p-Typ Siliciumproben ermittelt werden. Von den verschiedenen in der 
Literatur vorgeschlagenen Energieniveaus konnte durch unsere Messungen ein 
Aluminium-verursachtes Defektniveau bei Et - EV = (0,44 ± 0,02) eV mit einem 
Einfangquerschnitt für die Majoritäten von σp = 3,6×10-13 cm2 (bei T = 200 K) 
bestimmt werden. Der zugehörige Symmetriefaktor wurde zu k = 870 bestimmt. 

Deep-level transient spectroscopy Messungen an einer absichtlich mit Wolfram 
verunreinigten p-Typ Siliciumprobe ergaben ein tiefes Defektniveau bei 
Et - EV = (0,38 ± 0,03) eV mit einem zugehörigen Einfangquerschnitt der Majoritäten 
von σp = 4,8×10-16

 cm2. 

Im Rahmen dieser Arbeit konnte gezeigt werden, dass die photolumineszenzbasierte 
Lebensdauermessung eine ideale Ergänzung zu bereits etablierten photo-
leitfähigkeitsbasierten Messmethoden ist. Bei Proben mit hoher Ladungsträger-
lebensdauer kann die photolumineszenzbasierte Messung unabhängig von anderen 
Messmethoden kalibriert werden, während bei Proben mit kleiner Ladungsträger-
lebensdauer ein Vergleich der Messergebnisse mit anderen Lebensdauermessmethoden 
notwendig ist. Allgemein wurde eine sehr gute Übereinstimmung der 
Lebensdauermessergebnisse mittels verschiedener Messmethoden beobachtet. 

Nachdem die Zuverlässigkeit der photolumineszenzbasierten Lebensdauermessungen 
eingehend untersucht und bestätigt wurde, kann nun diese Messmethode auf andere 
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Einsatzgebiete angewandt werden. Zum Beispiel haben wir kürzlich eine neuartige 
Methode vorgestellt, mit der die Ladungsträgerlebensdauer in epitaktischen Schichten 
von kristallinen Silicium-Dünnschichtproben ermittelt werden kann, wofür auch ein 
Patentantrag gestellt wurde. Dies ist umso bedeutsamer, da es bisher keine 
verlässlichen Methoden gibt, um eben diese Ladungsträgerlebensdauer in epitaktischen 
Schichten verlässlich zu bestimmen. Auch scheint eine Analyse anderer Halbleiter-
materialien, wie zum Beispiel Germanium, interessant, welche ebenfalls basierend auf 
dem Prinzip der Photolumineszenz analysiert werden könnten. 

Abschließend wurden die physikalischen Unterschiede der verwendeten 
Messmethoden Deep-level transient spectroscopy und Lebensdauerspektroskopie 
eingehend analysiert und verglichen. Da keine der Methoden einen Defekt vollständig 
charakterisieren kann, ist eine Kombination dieser umso sinnvoller. Einerseits kann 
mittels der etablierten Deep-level transient spectroscopy das Energieniveau sowie (mit 
eingeschränkter Genauigkeit) der Majoritäten-Einfangquerschnitt und die Defekt-
konzentration einer Verunreinigung bestimmt werden. Andererseits können mittels 
Lebensdauerspektroskopie das Defektniveau und das Verhältnis der Einfang-
querschnitte, und damit die Rekombinationsaktivität des das Material limitierenden 
Defektes, zuverlässig bestimmt werden. Speziell wenn die lebensdauer-
spektroskopischen Messungen auf Photolumineszenz basieren, können sehr 
verlässliche Ergebnisse erzielt werden. Im Rahmen dieser Arbeit wurden beide 
unterschiedlichen Messmethoden erfolgreich eingesetzt, um die Defektparameter 
verschiedener metallischer Verunreinigungen zu ermitteln. 

Tab. 16.1: Zusammenfassung der untersuchten metallischen Verunreinigungen und 
ihrer jeweiligen Energieniveaus innerhalb der Bandlücke von Silicium. Die Proben 
wurden mittels Deep-level transient spectroscopy (DLTS) und Lebensdauer-
spektroskopie (LS) untersucht. Eine detaillierte Übersicht ist in Tab. 11.6 zu finden. 

Verunreinigung Energieniveau (eV) Methode 

Mangan-Bor (MnB) EV + 0,55 DLTS, LS 

Interstitielles Mangan (Mni) EC – 0,45 LS 

Titan, flaches Niveau (Tishallow) EC – 0,08 LS 

Titan, tiefes Niveau (Tideep) EC – 0,47 LS 

Aluminium (Al) EV + 0,44 DLTS, LS 

Wolfram (W) EV + 0,38 DLTS 
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